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1.0 INTRODUCTION

The purpose of this research is td analyze alternative power condi-
tioning units and traction motor combinations for locomotive propulsion.
At the conclusion of the first year of the work (Phase 1), the goal is
to identify the optimum system on the basis of cost, reliability, size
and performance. During Phase II (the second year), the optimum system
will be designed, and digital computer simulation studies will be com-
pleted to establish important design parameters and to verify system -
performance. '

Since the first . thyristor became available in late 1957, there has
been extensive development and application of solid state power conver-
ters. One of the most important applications of such converters is in
adjustable speed motor drives. Presently, the phase controlled rectifier
adjustable speed dc motor drive is widely used in industrial motor posi-
tion, speed and torque controls. Both phase controlled rectifier and
thyristor chopper dc motor drives are also applied in a wide range of
traction applications, particularly in the USA, Japan and Europe. How-
ever, the most attractive adjustable speed drive for traction applica-
tions is the variable frequency controlled ac motor. This approach
permits independent speed and torque control over a wide speed range,
and makes it possible to utilize the squirrel cage jnduction motor which
is the lowest cost, most rugged and reliable motor to manufacture.

The variable frequency ac motor drive can be produced using either
synchronous motors or induction motors. With the squirrel cage induction
machine the commutator and slip rings are eliminated. Thus, the variable
frequency-squirrel cage induction motor shows great promise for reliable,
high performance and competitive cost traction motor drive systems.

At present, the variable frequency squirrel cage induction motor drive
is being used for locomotive traction applications in West Germany. How-
ever, it is reported that the cost of these systems is quite high. The -
power electronic converter to supply variable frequency power to the trac-
tion motor is presently quite complex and expensive. With the continued
development of variable frequency ac drive systems, including the applica-
tion of modern power semiconductor devices and microprocessors, it appears -
that very soph1st1cated systems - w111 be produced at reasonab]e cost.

The research began on June 1, 1981, This is the interim report for
Phase I. The systems considered are described and analyzed, a rather de-
tailed comparison of the candidate systems is presented, and the GTO inver-
ter-induction motor is selected as the preferred locomotive propulsion
system. In the final section of this report, recommendations are included
regarding a possible revision of the scope of Phase II to include the de-
sign, construction and evaluation of a low power model power conditioning
unit.



2.0 OBJECT AND SCOPE

The objectfof this. research is to

: - Study alternate power conditioning-motor combinations

for.single axle locomotive traction drives applicable
_to both fre1ght and passenger use.

- Compare candidate systems on basis 'of projected life
~cycle costs, reliability and ma1nta1nab111ty, size

and performance

"-.SeleCt preferred system and verify performanCe using

‘digital computer-simulation

'The-work“pJanlis included in Appendix A.

At the conclusion of the research, the goal is to define an optimum
_power conditioning-motor combination applicable to both freight and pas-
senger use and adaptable for both all electric and diesel electric loco-
motives. The results of the research shall include a detailed system
design, specifications for major components and digital computer simula-
- tion results to demonstrate performance.

In the context of this research the features of an opt1mum loco-
mot1ve propu]s1on system are considered to be as follows

-Tndependent torque‘and speed control
- Minimum torque ‘pulsations and smooth speed contro]z'

_‘Rapiqiresponse

Minimum degradation in performance with variations in

~wheel diameter and track condition

Improyed‘braking, including regenerative braking i

Reasonable production cost

High"re1iabj11ty and low maintenance

Minimum size

Minimum fuel consumption -

Appendix ‘B dnd Appendix C include summaries of visits with two loco-
motive manufacturers to provide base 1ine information for our work. Appen-
dix D is the Directory of Potential Users of the results of this research.



3.0 CANDIDATE SYSTEMS

The procedure for the 1dent1f1cat1on of candidate systems leading
to the selection of the system considered optimum can best be described
with reference to the milestones 1nc]uded in the Work Plan (Appendix A).

Milestone #1 - Visit two locomotive manufacturers -

The visits to General Motors and General Electric
~ provided an excellent orientation to the nature of the
power. cond1t1on1ng traction motor comb1nat1ons on pres-
ent 1ocomot1ves

M11estone #2 - Define space and mechanacal;}1m1tat1ons

~ As a result of our discussions w1th_10comot1ve
manufacturers, it was concluded that a new propulsion
system cannot occupy significantly more space than
-occupied by systems in locomotives currently manufac-
tured. It was also concluded that, particularly with
the use of variable frequency induction motors for
traction, space and mechanical limitations are not
limiting factors in the selection of an optimum system.

Milestone #3 - Define maximum horsepower. per axle

Generally, it was concluded that space is avail-
able to provide more horsepower/axle than is necessary
for fully satisfactory performance with existing power
cond1t1on1ng-motor technology. This is especially true

~assuming that a variable frequency. po]yphase induction
motor is used as the tract1on motor. :

Mi]estone #4.-:List and describe candidate systems

At the beginning of the work we concluded that
there were four viable candidate systems - .

Vo]tage:Source Inverter - Induction Motor (VSI—IM) :
:Current Source Inverter - Induct1on Motor (CSI- IM) '
Cycloconverter - Synchronous Motor (CY SM)
. Chopper - .DC Motor (CH DCM)

Systems with three phase ac traction motors have several
significant advantages.- 1) . Higher torque and output .
rating for the same motor size and weight; 2) No commu-
tator or brushes, which means less motor maintenance;

3) Greater immunity. from adverse environmental .conditions
- mo1sture, dust, etc H and 4) Lower motor manufactur1ng
cost. ,



The major disadvantage of three phase ac traction motor
propulsion systems is that a complicated power electronic
equipment is required for the PCU, which results in high cost
and possible reliability problems.

We concluded that it is best to consider only three phase
ac:traction motor systems because they show the greatest po-
tential performance advantages, and it is possible to manu-
facture very sophisticated power electronic equipment with high

-reliability and reasonable cost in production. HVDC equipment
is one example of this.

We also concluded that the squirrel cage induction motor
is much preferable to a synchronous motor due to its lower
production cost and somewhat smaller size and greater relia-
bility because of the absence of slip rings, rotary transformers
nd/or shaft position sensors.

Thus, 1t was conc]uded that either a VSI-squirrel cage
induction motor or a CSI-squirrel cage induction motor traction
“system was preferred. As a result of a visit to Japan in No=
vember, 1981, it was determined that a variation of the VSI
“using GTO thyristors was also a viable alternative.*

The selection of the dptimum system is based on the following

‘1. Freight and passenger application
2, Diesel electric or all electric locomotives

3. " Three phase squirrel cage induction machines for the
traction motors

4. Space and mechanical limitations of present systems
5. Horsepower/axle of 600-1200 hp -

' The rema1nder of this sect1on includes a more deta11ed descr1pt1on of
the candidate systems.

3.1 Thyristor Voltage Source Inverter - Induction Motor (VSI-IM)

The preferred candidate VSI-IM system is a three phase McMurray inver-
ter as shown in Figure 1. This is an efficient and reliable variable fre-
quency -inverter which is quite widely used. Pulse width modulation (PWM)
is assumed to reduce harmonic currents in the motor, which is necessary for
maximum efficiency and minimum motor size for a given rating. The system
of Figure 1.is discussed and analyzed in detail in Appendix E.

* 1) Proceedfngé of‘US-Japan Cooperative Science Seminar on Analysis and
Design in Power Electronics, November 25-28, 1981, Kobe, Japan.

* 2) Japan Trip Report, R. G. Hoft, December, 1981.
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3.2 Current Source Inverter - Induction Motor (CSI-IM)

The preferred CSI-IM system is shown in Figure 2. -This is the most
commonly used version of the CSI. Assuming no commutation overlap, there
are 18 distinct modes of operation in one complete cycle. A detailed dis-
cussion and analysis of the circuit of Figure 2 is presented in.Appendix
F. When a CSI is used in conjunction with inductive load, an inevitable
high voltage spike across the load terminals occurs during the commutation
intervals. Therefore, the analysis concentrates on the intervals of com-
mutation, or the transfer modes.

3.3 Gate Turn Off VSI - Induction Motor (GTO-IM)

As stated previously, Dr. Hoft spent two weeks in Japan in November,
1981 as the US Organlzer for a US-Japan Cooperative Science Seminar on
Analysis and Design in Power Electronics. During the visits to Japanese
industries and universities in the week prior to the seminar and as a
result of presentations and discussions at the seminar, the following two
conclusions were reached, which are significant relative to our work on
this contract

1. ’GTOAinverterS'ShOUTd be giVen serious consideration
for locomotive propulsion.

2. "Wector controlled" ac drives show promise for im-.
proving the performance of a variable frequency ac
traction system.

Three Japanese companies were visited - Toshiba, Hitachi and Mitsubishi

- who presently have 2500V, 800-1000A GTO thyristors in commercial produc-
tion. At least two of these manufacturers have plans to produce 5000V, 1600A
GTO devices within the next five years. In addition, all of these three com-
panies presently produce, and have in commercial service, equipments using
GTO devices. Such equipments-include an experimental 600kVA variable fre-
quency induction motor propulsion system for the Osaka Railways and much lar-
ger GTO equipments for industrial purposes.

With regard to the second item, four manufacturers were visited in
Japan - Toshiba, Hitachi, Mitsubishi and Yaskawa Electric - who now produce
"vector controlled" variable frequency ac drives. These all appear to be
based somewhat on a German scheme developed about 15 years ago by Blaschke,
and further pursued by Professor Leonhard (Braunschweig - West Germany)
and Professor Nabae (Toshiba - Japan). The vector controlled ac motor ap-
pears to have much faster transient response in a closed loop control, and
it appears to be more amenable to fully independent torque and speed control.

The major advantage of the GTO system is that commutating circuit com-
ponents are not required, since the GTO can be turned off with the applica-
tion of a negative gate current pulse. The negative gate current is required
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for about 10us. Thus, the gate drive circuits are somewhat more compli-

cated than for conventional thyristors, but the added compiexity is not
great as long as the PWM switching frequency is not greater than a few kHz. -

- Figure 3 shows the power circuit configuration for the GTO-IM. This
~'is very similar to the VSI-IM except that commutating components are not
‘required. It again would be necessary to use PWM to reduce the harmon1c
“currents “supplied to the “induction motor.

Appendix G includes aldi§cussion of the GTO vo]tage source inverter,
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4.0 SYSTEM COMPARISON

_ Each of the three contenders as the optimum single axle PCU-motor

combination utilize a three phase, squ1rre1 cage induction motor for trac-
~ tion. The three PCU's which are compared in this section are as follows:
1) 'V01tage source thyristor inverter

- 2) Current source thyristor inverter

3) Voltage source thyr1stor 1nverte§;ys1ng gatemturn .0ff-devices

The pr1mary thrust of this compar1son is to prov1detan est1mate of the gv
relative- power handling capab111ty, physical size and;cost oﬁ‘the Pcy compo-
nents: necessary to'supply a given power “1eVel to the tract1on%mbtor The L
deta11ed deve]opment of this compar1son is given in Append1x :

The norma11zed total component rat1ng is des1gned to 1nd1cate the d1s-
tribution of power handling capability among the various .PCU components. -
All rat1ngs are normalized with respect to the total component rating (TCR) ..in%
of the-main: thyr1stors in the McMurray VSI. The va]ue of th1s rat1ng is o
found from v i oo i :

V'Number of 1dealmsw1tches = 6

.
b 1
3
I3
v
i N =

. E .
_eBmwi Outputrpower of the traction= motor - horsepower ‘
n= Eff1c1ency of the tract1on motor
cos 0 =

Power factor of the tract1on motor

‘;. I

‘ Table 4. 1 shows this compar1son.

The ratings of the dc f11ter components dominate the total PCU rat1ng,
. as would be expected. However, the apparent disproportionate size of the
CSI commutating capac1tors and the dc filter reactor deserve some discussion.

One of the main d1ff1cu]t1es encountered in the implementation of the
CSI is the large magnitude vo1tage spikes which occur during commutation. It
is these spikes which determine the peak and RMS rattng of the commutating
capac1tors .Also, the value,.of capac1tance used in the CSI simulation was

about 300 times that of the McMurray VSI

N gBecaUSe of£the'voﬂtage sp1kes,”1t is necessary to use a lower motor RMS
voltage with the CSI than for the VSI, and this means that the current through
the CSI components is significantly 1ncreased over that of the VSI at the same
power level. The dc bus current at 600hp for the CSI is just under 22 amps,
and the dc filter reactor is 27.39mH. The ac variation of the input terminal



TABLE 4.1
NORMALIZED TOTAL COMPONENT RATINGS
" (For rating definitions, see TABLE H1, APPENDIX H)

yst cst 610
Main Thyristors _" - 1.0 1.0  0.75
Commutating Thyristors - 0.335 0 , Q
Diodes | | 1.0 1.038 0.75
Commutatihg'Capagitors | ‘. 0.0883 0,902 0
Commutating Inductors o 0.0318 . 0 0
Total InQerter Rating . 2.455 2,978 1.50
DC Bus Filter tapacitor ' 29.38 0 - 29.38
DC Bus Filter Inductor 0 69.73 0

Total PCU Rating | 31.835 72.71 30.88
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voltage is six times that of the inverter output frequency. A1l of these
factors contribute to the large rating of the dc filter reactor.

The total component rating alone does not specify the peak voltage and
RMS current ratings of the inverter compenents. .This information is pro-
vided in Table 4 2 A '

_ , Not1ce the reduced peak voltage rating of the GTO-VSI thyristors com-
pared to that of the main thyristors in the McMurray VSI. Although there

is a voltage spike present during commutation (see Appendix G, Figure G4),
the' magnitude of this peak voltage is only about 25% above the dc bus voltage.
In the McMurray circuit, the series LC commutating circuit generates a peak
voltage which is (1 + KZ) times the dc bus voltage (K, = 0.667).

This reduced voltage rating will reduce the cost of the GTO thyristors.
This is important because the cost of GTO's is now several times that of
comparably rated thyristors without gate turn off capability. However, it
is estimated that the ultimate production cost of the GTO should be only about
1.5 times the cost of the comparably rated conventional thyristor.

i

The size advantage of the GTO system is immediately obvious. due to the
absence of the commutating componentse :

The peak vo]tage and RMS current ratings of the dc filter Components are
as follows:

VSI/GTO-VSI DC Filter Capacitor

Vpeak =(1+ %Kr)VVDC'

' IoMs Tge = 0.06 I

CSI DC Filter Capacitor

Tows = (1 +24K.) Ipc

1.3 (1 + %Kr) Im

In the remainder of this section of the report, a qualitative comparison
of cost, size, efficiency, reliability and control complexity for the alterna-
tive systems is presented. The total component rating information in Table 4.1
is the basis for most of the qualitative comparisons presented.

A detailed design of each system component assuming the best commercial .
manufacturing techniques and methods is required to obtain quantitativesize and
cost information. However, the following statements can be made from the TCR
information.



"TABLE 4.2

PEAK VOLTAGE AND RMS CURRENT RATINGS
SHOWN FOR P = 600/1200 HORSEPOWER

VDC = DC bus Vo1tage

 Vm = RMS IM terminal voltage

a) 'McMurfay VST

Main Thyristors

Commutating Thyristors |

Diodes
Commutating Capacitors

~ Commutating Inductors
b) CsI

Main Thyristors and Diodes
Commutating Capacitors

c) GTO0-VSI

Main Thyristors and Diodes

<

z 0.667

=4
1]

vQeak
(1.5) V2~ Vm

= 2.83kV

2.83kV

peak
(1.25) vDC
= 3,25kV

13

RMS IM line current

Toms

(V2 / 2) Im
= 104.75/209.5 amps

(17 /10 Kz) I

70.27/140.54 amps

I

Ty / /3 =075 1

= 167/334 amps

0/288 Inc = 83/166 amps
= 0,374 Im

Tovs
(V2 / 2)11m

= 104.75/209.5 amps
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-1, The size and cost of the power semiconductors with
- their required heat sinks will not be greatly dif-

ferent for the three alternative systems. However,
the GI0. system is expected to involve the highest
total power semiconductor cost, and the CSI system
would have the Towest total semiconductor cost. At
present . it is estimated that the total parts cost -
of the power semiconductors and their heat sink as-
semblies would be less than 50% greater for the GTO
systen than for the CSI system in production.

2. The commutating components required by the McMurray

. commutated VSI will add to the size and cost of this

* approach. The GTO system is best from this stand-
point, but the commutating components required by _
the McMurray VSI are not believed to be an extremely
significant factor in total cost and size. The fact
-that the GTO system requires the largest snubber
components and more complex gate drives reduces the
advantage ‘gained by this system due to the absence
of commutat1ng components

- 3. The largest components in all three systems are the
‘ d¢ bus filters. The dc bus filter capacitors are the
largest single component in the VSI systems. These
capacitors will probably be polypropylene-paper ac
capacitors due to the high voltage involved and the
large RMS currents. The dc bus reactor for the CSI
is expected to be considerably larger than the dc
filter capacitors for the VSI systems. The cost dif-
ferential will not be great for the dc filters, but
-~ this is expected to result in roughly 25% more volume

for the CSI than for the GTO system, which is expected
to be the most compact .system. :

4, The commutat1ng'capac1tor and snubber capacitors for
all systems must be those designed for high pulse cur-
rents, such as Genera] Electric 97F8500 components, or
equal, .

5. The snubber network, including diodes, capac1tors and
reactors, must be carefully designed to minimize the
power 1oss from these components, while still effec-
tively limiting peak voltages and sw1tch1ng losses in
the power sem1conductor devices.

v In summary, the GTO system is expected to provide the most compact
system.- The cost, reliability, efficiency and control complexity of all
three systems are expected to be close enough to each other such that
~ these factors will not be‘the bases for the choice of the preferred sys-
tem. The use of modern digital techniques and microprocessors in pro-
duction systems can greatly simplify and reduce the cost of control com-
ponents. It is also expected that the performance of all three systems
would be comparable.

Table 4.3 presents our best judgment of the qualitative comparison of
- the three candidate systems.



- TABLE 4,3 QUALITATIVE SYSTEM COMPARISON

COST
SIZE

RELIABILITY
" EFFICIENCY

CONTROL COMPLEXITY

Vs cs1 610

Highest Lowest Intermediate
Intermediate Largest Smallest

Lowest - Highest intermediate

Lowest Intermediate Highest
STlightly Slightly Intermediate

Greater Lower

15



16

5.0 CONCLUSIONS AND RECOMMENDATIONS

As a result of a study and analysis of the candidate power conditioning-
motor combinations for single axle locomotive traction drives, a GTO voltage
source inverter- squ1rre1 cage induction motor is recommended. We believe
that this system is applicable to both freight and passenger use and that it
s adaptable for both all electric and diesel electric locomotives, The GTO
inverter supplying a variable frequency traction motor is believed to provide
the most compact system which will also be at least equal and slightly better
than other possible systems from the standpoints of cost, retiability, effi-
ciency and performance.

During Phase II (the second year) of this research, the GTO inverter-
squirrel cage induction motor system will be designed to specify all signifi-
cant parameters,; and a digital simulation will be developed to demonstrate
system performance. It is also recommended that a low power model GTO inver-
ter be designed, constructed and evaluated during Phase II of this research.
This would be very valuable in assessing the losses in an ultimate system,
potential problems w1th using GTO devices in series and optimum gate drive
circuits. .
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APPENDIX A WORK PLAN

OPTIMUM POWER CONDITIONING AND MOTOR
COMBINATION FOR LOCOMOTIVE TRACTION

(Department'of Transportation Grant DTRS 5681-C-00035)

Objeot :

The specific object of this research is to select and
analyze an integrated single-axle drive for modern locomo-
tives. The optimum system will include a power conditioning
and motor combination which has independent torque and speed

- control, rapid response, high reliability, minimum size and"

,reasonable-cost.

'Organization

"~ The.. research will be carried out under the dlrectlon of
Dr. Richard G. Hoft, Professor of Electrical Engineering,
University of Missouri-Columbia, who will serve as the project
director and principal investigator. The followrng graduate
students will contribute to the study:

T. Khuwatsamrit (PhD Candidateiin Electrical
Engineering)

J. Leonard (MSEE Candidate)
D. Williams (MSEE Candidate)

Mr. Khuwatsamrlt will work full ~-time on the pro;ect for
two months each summer and half-time on the project during
each academic year. Mr. Leonard will work half-time for two
months .on the research during the summer of 1981. Mr. Williams
will work half-time on the project for two months during the
summer of 1981, full-time for two months in the summer of '
1982 and half-time during each academic year. Dr. Hoft will
devote half-time for three months each summer and quarter-~

.time durlng each academlc year to the research.

,Descrrptlon of Work

A schedule for the stody is attached. The Specific tasks
and milestones are described below:

PHASE I - Select Best Candidate System

The overall object of this phase is to 1dent1fy the
most attractive candidate systems, analyze each of these
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systems in sufficient detail to compare them, and then
select the traction system which is considered optimum
for a single~axle locomotive drive.

Task 1 - Define Space and Mechanical Limitations
During this task, locomotive manufacturers

and users will be contacted to obtain informa-
tion on space and mechanical constraints.
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Milestone #1 - Visit two locomotive manufacturers.

Mileetone #2'—'Defihe space available, power input,

output shaft requirements and other key mechanical

limitations for power conditioning and traction
motor.

Task 2 - Estimate Maximum Horsepower per Axle

.USLng the space and mechanical constraints and

ba51c des1gn relationships for the power conditioning

and traction motor, the maximum horsepower per axle
- will be determined. ~

Milestone #3 - Define makimum horsepower which
can be delivered per axle.

Task 3 - Identify Candidate Systems

This task Will involve the determination of all

systems which presently appear feas1ble to meet the
requirements.

Mllestone $#4. - L1st and descrlbe the candidate
_systems., .

Task 4 ~vSelect.0ptimum System

As a result of an overall analysis of each candid-

ate system and a detailed comparison of the relative
merits of each, the single ' system considered optlmum
will be- selected

Milestone #5 - Define the optimum system, ‘in-
cluding a block diagram and rating information
on major components.

Task 5 - Prepare Phase I Report.

Milestone #6 - Compiete Phase I reﬁort.
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PHASE II - Develop Digital Computer Simulation and Analyze

Optimum System

During this second phase, the system selected will be
designed on paper to define all significant paramcters, and
then a digital computer simulation will be devised and run
to aid in design refinements and to demonstrate performance.

Task 6 - Develop Mathematical Model for Digital

Simulation

A mathematical model will be devised which
accurately represents the system and which does not

require excessive computer time.

Milestone #7 - Complete block diagram and

program listings for simulation.

Task 7 - Design Motor and Power Conditioning Unit

This task will require the basic design of the
motor and PCU - including torque and speed require-

ments, ratings, overall circuit diagrams and a

possible packaging scheme.
Milestone #8 - Complete motor design.

Milestone #9 - Complete PCU design.

Task 8 - Analyze the Integrated Single-Axle Drive

System

The computer simulation will be used to verify
and refine design parameters and to demonstrate

system performance.

Milestone #10 - Complete simulation runs to

demonstrate performance.
Task 9 - Prepare Final Report

Milestone #11 - Complete final report.

The expected results of the research will be the definition

of an optimum power conditioning and motor combination,

including

a dctailed system design and specification of major components,
and simulation results to show the performance possible with the

optimum system.

Richard G. Hoft
Principal Investigator
June 29, 1981
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START
- (6/1/81)

PHASE 1

Select Best Candidate System \L

Task 1 Define Space & Mechanical
Limitations

Task 2 Estimate Maximum Horse-
power per Axle .

Task 3 Identify Candidate Systems
Task 4 Select the QOptimum System

Task 5 Prepare Phase I Report

PHASE,II - Develop Digital Computer g‘
E Simulation and Analyze ;
Candidate System

Task 6 Develop Mathematical Model
for Digital Simulation

- .Task 7 Design Motor and Power
. Conditioning Unit

' Task 8 Analyze the Integrated
e Single-Axle Drive System

Task @ Prepare Comprehensive
. Final Report

P e e o




(5/31/82)

FINISH
(5/31/83)
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APPENDIX B SUMMARY OF

VISIT TO GM-EMD, LAGRANGE, ILLINOIS

JULY 22, 1981

The following is a brief summary of the visit by R. Hoft,
T. Khuwatsamrit, J. Leonard and D. Williams to GM-EMD on July

22, 1981.

We were the guests of Eric Sjokvist, arriving in his

office about 9:00 AM and completing our visit about 4:00 PM.
The visit included a very informative slide presentation by Mr.
Sjokvist, a tour of the manufacturing building and a conference
with Mr. Sjokvist's staff.

1.

The first locomotive propulsion systems using
three phase traction motors were constructed
in the early 1900's. However, these were not
of much practical interest. As a result of
the availability of large thyristors, consid-
erable research and development activity began
in the 1960's on power electronic ac drive
systems for locomotives and urban transit cars.
Experimental three phase, variable frequency
thyristor ac propulsion systems for locomo-
tives have been built by Brush Electric (Eng-
land), WABCO-Reliance (Cleveland), Russia,
France and Germany. The graph labeled slide

3 shows the worldwide increase in the number
of three phase thyristor traction systems for
locomotives since they first appeared in about
1965.* Currently there are nearly 90 such
locomotives in existence. Approximately half
of these have been built by the Brown Boveri
Company (BBC) in Mannheim, Germany. In addi-
tion to these locomotives, there are about

200 rapid transit cars in operation using three
phase thyristor ac propulsion systems.

There are significant differences in manufactur-
ing philosophies in Europe and the US. The
reproduction of Slide 13 summarizes these. Two
additional very important points are - (1) 1In
general, the railways in Europe are nationalized
so that equipment cost is not quite as impor-
tant as in the US; (2) At least at present,

*Most of the figures included in this report are copies of
slides which were provided to us by GM-EMD. We very much
appreciate receipt of this information as well as all of
the other articles and reports which they graciously pro-

vided to us.

21
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Slide 3
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.‘Slide‘\3

COMPARISON OF RAILROADING PHILOSUPHIES

“U.S. CONCEPT

| evrorean conceer ]

' LOCOMOTIVE SPEED

| AXLE LOAD

" WHEEL DIAMEYER

MECHANICAL DRIVE

MOTOR SUSPENSION

FREIGHTY TO 76 WPH

65000 LBS(TYPICAL)

" 40-42 INCHES

RIGID GEAR

AXLE MUNG

FREIGHY & PASSENGER
WITH SPEEDS YO 100 NPH

43000-48000 LBS
43.3 DE 49.2 EL
FLEXIBLE DRIVE

PREDOMINANTLY FRAME HUNG
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locomotive manufacturers in Europe put a greater
percentage of their total sales into R&D than US
© companies.

3. 4The,main advantages of three phase thyristor pro-
pulsion systems are

L a. Higher torque and 0utput-rating for the  same
size and weight. ’ ,

' b. No commutator or brushes. -
€. Less susceptibility toAadverse environments.

. The major disadvantage of such propulsion systems
is that a complicated power electronic system is

required which results in a higher locomotive cost.

4. A summary of three phase thyristor variable fre-
quency ac traction developments in Europe is as

follows:
Brown Boveri . Locomotives since 1971 Voltage Source Inverter
' o Rapid Transit since 1979 (vs1)
‘Siemens . Rapid Transit since 1975 Current Source Inverter
' ‘ ; (CsI1) ‘
AEG | _ Rapid Transit since 1976 CsI
' - Locomotive Prototype 1980
ASEA - Locomotive Prototype 1980  VSI

. Mr. Sjokvist pointed out that although the current
production capability of Brown Boveri is. entirely
VSI, most of this company's R&D expenditures in
recent years have been devoted to the CSI .technology.

5. Slide 11 summarizes GM—EMD three phase variable
frequency thyristor traction development.

6. There may be limited applications for three phase
ac traction during the next few years, but wide-
spread demand is likely in future years, particu-
larly when electrification is adopted. The bar
graph (page 20) shows the current amount of elec-
trified rail miles, the number of which is in-
creasing at the rate of approximately 8 miles per
day.



Slide 11

THHEE -PHASE THACTIUN TRANSMISSION
DEVE[OPMENT WITHIN ELECTRO-MOTIVE

1968-1974 EMD Invesilgated a Three-Phase Drive 1or
' Diesel Electric Locomotlves

Englne---High Frequency Alternator---—.
Cycloconverter--~Induction Motor

1976 ~ ~ EMD Evaluated Various Three Phase Systems
- for Locomotive Propulsion

1978-1979 EMD Designed and Developed a Cycloconverter

Self-Synchronous Drive System

" ‘Successfully Demonstrated System Operahon
. in all Four Modes

Shlpped Completed System to Department of
Energy for further Evaluation
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There are three practical alternatives for three
phase ac traction:

» Cycloconverterf-LSyhchronous Motbr

VST - .Induction Motor

' CSI - Induction Motor

¥
{

The syhchronous motor system is disadvantageous
because of the need for slip rings, or a- rotary
transformer, and a shaft position sensor. A

. comparison of the VSI-IM and CSI-IM is shown on

"’_Sllde 31. GM presently prefers a; CSI-IM system.

The following commehts and suggestlons werée made
during the final dlscu551ons with Mr. S]OleSt
and his staff:-

a..

‘In order for the project to be "realistic",

the scope should be limited somewhat or at
least more precisely defined than the stated

. purpose in the DOT contract. -

‘Sincé-ddr'projeet is a "paper" study, all

system performance will be based on the results:
of computer simulation. Therefore, the selec-
tion of the models representlng phy51ca1 com-
ponents 'will be crucial. .

A-s1ngle axle study must not: overlook the

.critical interactions 1nherent in a multl-

axle locomotive.

rThe control system and motor must be con51d—
~ered as a single design problem. This is due

to the fact that the peak ratings of the elec-
tronic switching devices in the power condi-
tioning unit depend upon motor parameters.

The motor leakage inductance is particularly
important for motors rated at 200 horsepower
or higher. Typical thyristor device ratings

- are 4,000 Volts,_l 000 Amps.

We should begln with a spec1f1c Tractive Effort
(TE) curve and then select the follow1ng types

' of specifications:
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Slide 31

" ADVANTAGES AND DISADYANTAGES WITH DIFFEREKT INVERTER SYSTENS

VOLTAGE SOURCE INVERTER

CSi

CURRENY SOURCE INVERTER

EFFICIENCT
POWER FACTOR
TORQUE PULSATIONS

POWER ELECTRONICS ‘
TYPE OF SEMICONDUCTOR

FAILURE MODE

RPPLICATION TO DIESEL
CELECTRIC LOCOMOTIVES

WEIGHT AND YOLUME OF
ELECTAICAL EQUIPNENT

PRESENT EXPERIENCE .
l wchuoms cost

§000 .
ADJUSTABLE BT INPUT STSTER
» MININAL (PROVEN} .

MORE ELECTAONICS
$PECIAL ISHORT TURN OFF TINE

REQUIRES PROTECTIVE CIACUITS
FOB OVERLOAD

e PROVER

SREATER.THAN FOR THE C8I

s mone exvensive Fon LoconoTIVES
" RPPROXIMATELY §% MORE EXPENSIVE

* INHERENT PROTECTION

*SLIGHTLY BETTER IDIFFERENCE <1%) |

ADJUSTABLE BY INPUT SYSTEN

CAN BE AEQUCED (DEGAEE NOT YET
DEMONSTRATED)

*BASE
«STANDARD KIGH YOLTASE

FEASIBLE IUNPROVEN]

NORE EXTENSIVE FOR RAPID TRANSIT
omse

#FAVORED BY PRESENT EXPERIENCE
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Wheel Base 4 ft. 8 in.
Wheel Diameter 40 to 42 1in.
Axle Load ' » | 65,000 1bs.
Maximum Speed 75 mph

Maximum Horsepower 3,000 to 4,000 hp
Number of Axles 4 or 6

Individuai motor control is absolutely'necéss-

-ary, because without such control as little as

a 1% variation in wheel diameter may cause an
induction motor to be totally unloaded. Also,
as much as a 10% variation is possible with 5%
or 6% being a common figure. Due to this vari-
ation, care must be taken to ensure that the
motor housing rides 4-1/2 inches above the
track, with no wear on the wheels, so that the
minimum Association of American Railroads (AAR)
profile of 2-1/2 inches can be maintained with

“the wheels fully worn.

D. Williams/R. Hoft
September 5, 1981



. APPENDIX C  SUMMARY OF
VISIT TO GE, ERIE, PA, AUGUST 20, 1981

4

The following is a summary of the visit to General Elec-
tric, Erie, PA, by R. Hofi{:, T. Khuwatsamrit and D. Williams.
Hal Henderson made all of the arrangements for our visit. We
arrived in his office about 9:00 AM and left about 3:00 PM.
Most of our time was spent in conference with Hal Henderson,
Bob Weeks, Dave Plette and Ron Bailey. We also toured their
‘manufacturing building. Many of our discussions were similar
to those.that we had with GM-EMD. This summary will not re-
" peat items contained in the GM Trip Report Summary.

1. The general consensus of opinion was that we
' should carefully limit the scope of our project.
Initially, choices must be made concerning the
spe01flc appllcatlon of the locomotive (freight
or passenger service), the type of locomotive
- (diesel electric or totally electric) and the .
basic type of traction motor (ac or dc).

2. It is our intent that the results of the research
have the widest possible impact, .affecting a
~large segment of the rail industry within the
United States. Given this intention, the initial

-choices must be based on the following type of
- general 1nformatlon.~ :

“a. -The overwhelming majority of locomotives in

- .service in the US are used in freight appli-
cations. Locomotives used in freight service
generally experience less acceleration and
operate over a lower speed range than those
used in passenger service. They also may
operate for extended periods at each operat-
ing condition.

b. The number of diesel electric locomotives in
this country far outweighs the number of
totally electric locomotives. However, the
diesel electric locomotives have less space
available for power conditioning and control
circuitry and the associated cooling. equip~-
ment. Even though the worldwide trend towards
total electrification should be considered,
that trend in the US is not as significant
at the present time.

30
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- C. :DC. traction technology has been developed
‘ extensively. It appears that the develop~
ment of ac traction offers the greatest
. potential for improvement of locomotive
propulsion systems. The possibility also
exists that even if the complete change-
over to ac traction is not economically .
feasible, there may still be a sufficient
"incentive to utilize the new technology

for special purpose vehicles (drilling
- rigs, cranes, etc ).

Based ‘on - these facts, we feel that the 1n1t1al focus of the
pro:ect should be limited to diesel electric locomotives employ-
ing ac traction propulsion systems to be used in freight appli-
cations. As our study progresses, the basis for selection between
alternatives will be more technical in nature. The choice between
four or six axles on the locomotive is a good example. At first
glance, this choice appears to have been implied when choosing
the type of locomotive. But even at this early stage, this par-
ticular choice demands the con31derat10n of a number of interde-
pendent selectlon criteria.

3. Certainly the economic cost benefit analysis will be
' the ultimate criteria for the adoption of any new .
technology. Along'these 11nes, the efficiency of
the propulsion system is of prime importance. Accor-
ding to Mr. Henderson,,one ‘additional percentage
point of efficiency equates with a present worth of
$30,000. :

‘-4.‘=The size and weight of the propu151on system com--
ponents are both important, size usually being the
overriding restriction. Although maximum weight is.
usually not a limiting factor, minimum weight cer-.
tainly could be due to the effects of weight on_ the
coefficient of adhesion of the locomotive. Typi-
cally, thls coefficient is approximately 0 25.

5. The contlnuous horsepower ratlng of the locomotlve

' is limited by the diesel engine. The minimum con-
tinuous speed is a function of the type of traction.
motor. At the same traction motor horsepower rating,
the six axle locomotive provides 50% additional. .
tractlve effort over "the four axle locomotlve.

6. In terms of 31ze ‘and welght, both proved to be 11m1t-
ing factors in the propulsion system des1gn of the
four axle locomotive. However, the six axle loco-
motive required additional ballast weight to main-
tain acceptable adhesion. Of ‘course, these were =
conventional dc propulsion systems, and the same
comparison may not be valid for ac .traction.
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In terms of efficiency, assuming individual axle
motor control, the loss of traction to a single
axle results in a less severe efficiency reduc-
tion for the six axle locomotive compared to that
of the four axle locomotive (17% vs. 25%). This
is a failure mode comparison which may have more
impact on the design of inherent redundancy than
on the overall efficiency of the locomotive. Dis-
counting the failure mode, it may turn out that
the four axle locomotive is the more efficient
machine, particularly when used in freight appli-
cations where three or four locomotives are con-
nected to the same train.

We do not believe that the choice between a four
or six axle locomotive can be made at this early
stage of our project. Our primary concern is with
a single axle propulsion system, the characteris-
tics of which will obviously depend on the basic
locomotive parameters previously outlined. It'-
would be presumptuous to make this decision ﬁntil
we have identified and compared ‘the alternatlve
propulsion systems.

A discussion of design strategies led to some prac—

‘tical ideas to aid in the comparison of propulsion

systems. These ideas included the use of modular
design of subsystem components; the use of a normal-
ized, per unit scheme to describe the variation of
the propulsion system parameters; the interdepen-—
dence of critical subsystem parameters preventing
the separation of individual subsystem designs; and
some practical guidelines to implement safety mar-
gin by the proper selectlon of electronic switching
device ratings.

The use of modular design of subsystem compon-
ents offers two principle advantages. First, easily
accessible component modules greatly facilitate main-
tenance. This is particularly important because it
is almost a certainty that the ac traction system
control and power conditioning circuitry will be
more complicated than that required for the conven-
tional dc traction system. Secondly, modular design
lends itself to the use of common technology, which
is desirable for the modification of an existing
product line. Both of these factors should reduce
the economic impact resulting from the changeover
to the new system.
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Another valuable suggestion concerns the use
of a normalized, per unit description of the pro-
pulsion system parameters. Using this type of
scheme allows more flexibility in terms of space
and mechanical limitations. Instead of rigid re-
quirements, a range of values could be more useful.
For example, a certain amount of horsepower requires
a certain amount of packaging space for the power
conditioning equipment. The main problem with this
approach is that the scaling will probably not be
linear.

It has been stated repeatedly that the inter-
dependence of the propulsion subsystem parameters
prohibits the separate design of those subsystems.
The most obvious example is the effect of the trac-
- tion motor leakage inductance on the inverter char-
acteristics. In the case of the current source
inverter, there may be a severe load (weight) pen-
"alty in order to obtain the small leakage 1nductance
requlred for hlgh speed operation.

HThe thyristor ratings are important to ensure
a margin of safety in the PCU operation. The fol-
lowing suggestions outline the selection. of the
voltage, current and temperature ratings and the
required turn off time of the devices. :

To select the voltage ratlngs, two cases must
"be considered. If the voltage is a well controlled
dc voltage, then the.rating should be 1-1/4 to 1-1/2
times the maximum voltage across the device. If the
source is an ac line voltage, then the rating should
be 2-1/2 times the maximum voltage across the device..
For current and temperature ratings, calculate the-

" requirements for all the possible worst case condi-
tions and select the rating to meet these require-
ments with no additional margin. To select the proper
turn off time, calculate the worst case condition

and then add 10%.

, . It is true that the power handling capability of

thyristors has improved dramatically in recent years.
However, too much dependence. on continuing capability
may not be wise. It seems that the power semiconduc-
tor industry has reached a plateau. Barring a sig-
nificant breakthrough in the fabrication technology,
it is not likely that any jumps in the power handling
capability will occur. This brings to mind the fact
that electrification has been "just around the corner"
for quite some time.
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There was some discussion of high capability gate-
turn off (GTO) thyristors. Hitachi has reported

a device with ratings of 1600V and 600A, and Toshiba
has reported one with ratings of 2500V and 600A.
Even with significantly higher capability, the
switching logses increase with the square of the
current handling capability. The resulting loss in
efficiency may be significant, possibly even pro-
hibitive in terms of adopting this new technology.

During the course of our visit, Mr. Henderson pro-
vided us with a large quantity of literature that
will be very helpful in determining the space and
mechanical limitations of the locomotive. It may
be the wisest course of action to simply select
maximum space limitations based on the existing
mechanical framework.

At this stage of our study, it seems that the most
likely area for improvement will be the circuit
design of the power conditioning equipment. Certain-
ly the work already done in this area is extensive,
but we feel that it is far from exhaustive.

Several additional items mentioned during our dis-
cussions included:

a. The Southern Pacific Railroad appears to have
an interest in three phase ac traction.

b. The VSI and CSI are quite close competitors.

c. A VSI system is preferred for rapid transit
application, since dc input power is used. -

d. For an all electric locomotive, it may be feasi-
ble to use 1500HP/traction motor.

e. The General Electric C712 and C713 thyristors
- are quite standard for transportation applica-
tions.

D. Williams/R. Hoft
September 5, 1981
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APPENDIX D  DIRECTORY OF POTENTIAL USERS

Quartérly Contact List:

Dr. Paul Agarwal
General Motors
Research Labs

EE Department
Warren, MI 48090

Mr. Andrew Foldes
Otis Elevator Company
Transportation Technology Div.
11380 Smith Rd.
P.0. Box 7293
- Denver, CO 80207.

Mr. Hal B. Henderson
Program Manager
General Electric Co.
2901 East Lake Rd.
Building 14-4

Erie, PA 16531

- Dr. Linos J. Jacovides
General Motors Research Labs
Electrical Engineering Dept.
Warren, MI 48090-9055

Dr. Géra!d K1iman
General Electric Co.
Research & Deve1opment Center

- P.0. Box 42

Building 37, Room 207
Schenectady, NY 12301

Dr. Stephen B. Kuznetsov
Westinghouse Electric
Electrotechnology Dept.
Building 41-4A5

1310 Beulah Rd.
Pittsburgh, PA 15235

Professor E. Lev1 o
Po]ytechn1c Inst1tute of New York
333 Jay Street ’

Brooklyn, NY 11201

Mr. T. Macie

Jet Propulsion Laboratory
4800 Oak Grove Dr.
Pasadena, .CA 91003

Mr. James McConville

Federal Railroad Administration
Transportation Test Center .
Pueb]o, CO 81001 ‘

‘Mr. Graham W. McLean.

AiResearch Manufacturing Co.
Dept. 93-7, T-42

2525 West 190th St.
Torrance, CA 90509

Mr. Frank L. Raposa, Chief

Electrical Power & Propulsion Branch
Research & Special Programs Administration
US Dept. of Transportation

Transportation Systems Center

Kendal Square

Cambridge, MA 02142

Attn: DTS-742

Mr. Eric H. Sjokvist

Manager -.Advance Engineering
Electromotive Division
General Motors Corporation
LaGrange, IL 60525 _

Mr. John St1ck]er

Electrical Power & Propulsion Branch
Research & Special Programs Adminstration
US Dept. of Transportation

Transportation Systems: Center

Keldal Square - V

Cambridge, MA 02142

- Attn: DTS-742

Professor Larry M. Sweet

Associate Director, Transportation
Program

Dept. of Mechanical Engineering

The Engineering Quadrangle .

Pr1nceton, NJ 08544 -

This concludes the Quarterly Contact List.



Mr. George H. Barker
Chief Mechanical Officer
Soo Line Railroad Company
Soo Line Building

Box 530

Minneapolis, MN 55440

Mr. A. J. Bennet

" Director, Electrical &
Electronic Research

Gould Laboratories

40 Gould Center

Ro11ing Meadows, IL 60008

Mr. J. N. Birk .

Director of Engineering &
Management Services

Duluth, Missabe and Iron Range
Railway

500 Missabe Bldg.

227 West First St.

Duluth, MN 55810

Mr. W. F. Bolla )
Manager - Research & Planning
I11inois Central Gulf Railroad
Two I1linois Center

233 North Michigan Av.
Chicago, IL 60601

N. E. Born

General Electric Co.
Speed Variator Dept.
Building 63-2W

3001 £. Lake Rd..
Erie, PA 16531

Mr. F..D. Cheney, Jr.

Chief Mechanical Officer
Delaware and Hudson Railway Co.
Watervliet, NY 12189

Mr. H. C. Christie
Chief Mechanical Officer

Pittsburgh and Lake Erie Railroad .

Room 534 .
P & LE Terminal Building
Pittsburgh, PA 15219
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Mr. J. E. Clancy
Chief Mechanical Officer

Denver and Rio Grande Western Railroad

PO Box 5482
Denver, CO 80217

Mr. P. Cushing Jr.
Chief Engineer

G. K. Heller Corp.

7 Mayflower Place
Floral Park, NY 11001

Mr. W. J. Grabske

Vice President - Equipment
Boston and Maine Corporation-Debtor
Iron Horse Park

N. Billerica, MA 01862

David C. Hamilton
Ramsey Control, Inc.
333 Rt. 17

Mahwah, NJ 07430

Mr. Hal Hart

Manager of Engineering
Control Products Corporation
AC Drive Division

4431 W. Division St.
Chicago, IL 60651

Mr. Michael S. Hutkin

Manager, Drive Development Engineering

General Electric Co.
Drive Systems Department
1501 Roanoke Blvd. -
Salem, VA 24153

Dennis Jarc

Reliance Electric Co.
24800 Tungsten Rd.
Cleveland, OH 44117

Mr. L. H. Keirstead
Director of Freight Locomotive
Maintenance

" Boston and Main Corporation-Debtor

Iron Horse Park
N. Billerica, MA 01862



F. N. Klein

Industrial Drives 0perat1ons
~ Eaton Corp.

3122 - 14th Av.

Kenosha, WI 53141

Mr. Lawrence W.: Langley ,
Vice President - Engineer1ng
Inland Motor -
Division of Ko11morgen Corp
501 First St.

~ Radford, VA 24141

‘Mr. B. E. Lewis
Chief Mechanical Officer A
Duluth, Missabe and Iron Range
Ra11way
Proctor ‘MN 55810

Robert B. Maag

Louis Allis Drives & Systems Div.
Litton Industrial Products, Inc.
16555 ‘West Ryerson Rd.

New Berlin, WI 53151

I. M. MacDonald
Emerson Electric
3300 S. Standard St.
St. Ana, CA 92702

Mr. T. D. Mason

Chief Mechanical Officer
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FAPPENDIX E  ANALYSIS OF MCMURRAY VSI-IM

The analysis of the system in Figure 1 is done in two parts
'Se]eétidn of commutation components
- Induct1on motor steady -state performance with PWM vo]tage

'.source

CE.1 Selection of Commutation Cgmponents

The commutation circuit is one of the main considerations in evaluat-
ing the voltage source inverter. It is an important factor in the efficiency,
volume and weight of a power conditioning unit (PCU). Optimization of the
McMurray inverter cannot be done without considering the commutation circuit.

: The commutation operation of-a single phase McMurray inverter is de-

scribed in the following section. Peak commutation current, peak commutation
~ capacitor vo]tage and turn-off tlme are ma1n concerns in commutat1on circuit
. design. . :

AEol.] Derivation of Equations for McMurray Commutation Circuit

General Equations for RLC Circuit {(Serijes)

R : . R

E-V.(0) -ont " R |
() -—gL—— e 2. sin (ot) - 724, (0) e 2 sin(wt-p)
- R, o R
. " R T i (0) - -t |
vc(t) = E - ag-ﬁEevc(O)].e> 2L sin{wt+e) + Lwc e ;ZL-.sin(wt)
,,wheré o w6‘=-—¥l—““
- VIC
W=Vt o (R72L)?
Wo/Y 14(1/2Q)2

and ¢ = tan"! (26L/R)



Interval -t~

0

. ]

o
| Q1A
{
v’ : ) l + % -
9 ]
' T |
. i BEY | .
QJA:TL‘ ez ¥ N2 b4 N Q4
cr : J-—“ - - _ l_
Fig. E1: Initial condition at t,
| Q1 and Q4 are conducting.
o Intefy;] t, >ty
D_ &
Q1A al R ]
. ’I‘LOAD
+ Ve - | m—
ch o A——0
AL
/. Q4
o-
Fig. E2: Edu{vdléﬁt circuiflfor interval tot
Initial conditions for commutation circuit:
= 0 (V)5 v(0) = Vg (), 1(0) =0 (A
R
. ) - 5t
implies iL(t)'= G%E g 2L sin(wt)
R
W, _2Lt '
and "vc(t) == Vdc e sin(wt+e)
for

0<t<(t']-to)

40
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Ve
’Fig.'EBi Waveforms of VC and.iL for interval to-t]'
- Assume negligible ripple in i, . and high Q.

| Interval t] -+ tz

+ QA
Vac
Fig. E4: Equivalent circuit for interval t;-t, I - ,

Initial conditions: 1L(0) = i]oad

assumefnegligiblé ripple f” i]oad' .

Cimplies i (t) = d(0) = 3.4

” L i (1)
and ve(t) = vp(0) + —%8—
for 0<t<(t2—t])
where 'VC(O) F.Vc(t])

Termination condition: sz>0
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= Vac

Fig. E5: wAveform f q i -
g ) vC and i for interval to t2

Intervg] t2 +.t3

o
Q1A : ‘”’c; o Yioad
vrlci ( X v ]
—> %u
| - Y Pz‘jr‘? . | ' ‘¥La a4

Fig. £6: EQUivaient_circuit for interval tzrt3_
Initial conditions for commutation circuit:
E = Vgeo 1.00) =71 (tp)s - ve(0) = ve(ty)

| E-v,(0) R

. 3 : . -——t w - Rt .
implies 1L(t) =g e oL sin(wt) - EQ-iL(O) e ?E-_sin(wt-¢)
: . R . ' R
: i -t i, (0) - 5t
- 2L . : T2
and | "c(t_) =E - =2 [E-v (0)1 e b sin(utte) + _'-@C e 2 sin(ut)
for - 0<t<(t4-t,)

Terminatibn condition:
i(t3) =0

Commutation process is comp]etedf



E.1.2 Design_Informafioh

Nith the fo]]owing'assumptions
- Negligible ripple ih load current during commutation interval;
:-‘ Commutation capacitor vo1tage is initial1y at dc bus voltage
- Negligible resistance in commutatidn circuit

" the peak vo]tage, peak current and turn-off time can be‘written as

YC.peak ~ Ydc T o C | )
i Ceak = Vde - 2
'L,pea JITC | L

i . . .
t=iEJﬁﬁ0%—%% (3)

where
Vg = dc bus voltage (V) minimum .

i]oad = load currgnt (A) max imum

L = commutation inductance (H)
C = commutation capacitance (F) "
Wy = 1//LIC~ (rad/sec)

- _ If two parameters are defined as
. N " - . . 1

K = _:_L_M )
% MNoad
. oy
and Ky = ?EEL———— (2)
: L,peak

- o then (1), (2) and (3) become

, v ' » o | B
Ko[v‘lﬂ’—eﬂﬁ.-il =1 ()
dc o _



/Lo-x (5)
Land q . (6)
. . _]] .\.K .
5 - sin (K;) 1

Equations (4), (5) and (6) are plotted uéihg'é log-log scale, from the modi-
- fied equations o , : : : R

v \ :
Tog [ —%lﬂgg& - 1] = - Jog K - (7)
dc - ° ‘
-~ log L = 2 Tog K] + Tog C ' ‘ - ‘ (8)

1og t_ - {log [ﬂ~1 sin'](—lﬁ] + log 2} = - log K‘ + Jog L (9)
q. 22 - K0 1

The graphs of (7), (8) and (9) are-shown in Fig. E7. These are families of
stra1ght Tine curves which are easy to produce and can be used as a first guide
in se]ect1ng the commutation c1rcu1t components

~In order to determine 'how well the approx1mat1ons used to develop Fig. E7
compare to the actual situation, a detailed simulation was done with the only
assumpt1on that there is no r1pp1e in the load current., The results are shown
in Tables ET1 through E5. The program listings for the simulation are shown in
the next section. It is noted that if the initial voltage across the commuta-
tion capacitor is equal to the dc bus voltage, which is valid for the modified
McMurray inverter, with Q factor higher than 10, the differences between the
approximate results and those obtained from more detailed simulation stay with-
in 10% for either peak voltage, peak current or tg. The approximation is in-
accurate for the cases where the initial voltage 1s greater than'].ZSVdc.
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Q=10 v ey t (1 l
‘ - (usec)
Ver = 1.0, - Copeak(V). L,peak(A) | Q"
s More - Approxi- % More ' More B
L(uH) § - C(uF) ! . Detail mate . Differ- | Detail | Approx.| % Detail | Approx. | %
Simulation] Result ence ] Simulat Result § Diff. J]Simulatd Result Diff.
100 100 1830 1900 -3.82 ) 926 | 1000  { -7.99 48.0 90.2 | -8.79
100 | 200 1585 1636 -3.22 {1310 - | 1414 -7.94 230.5] "249.2 -8.11
100 300 © 11480 1520 -2.70 11605 . | 1732 f -7.91 338.0] 354.9. | -5.00
100 | 400 1414 - | 1450 -2.54 | 1852 2000 -7.99 425.91 441.6 -3.69
75 400 1359 1390 -2.28 J2140 | 2309 | -7.90 393.9] 405.5 -2.94
50 400 1295 1318 -1.78 " | 2620 2828 -7.94 |. 345.0f 352.7 -2.23
25 | 400 1208 | 1225 -1.41 | 3706 | 4000 - -7.93 | 265.5{ 268.8 | -1.24
Table El

9% .



VeI = ]°0Vdc C,peak(V)‘ “L,peak(A) tq(us§§)
| | Detail Detail | - Detail -
L{uH) ] C(uF) Simu-~ Approx.l % Simu-  } Approx. | % - Simu- Approx. § %
_lation I Result } Diff. lation | Result §Diff. lation 3 Result § Diff.
100 100 - 1886 1900 | -0.74 | 984 1000 ~1.63 83.5 90,2 -8.02':
100 200 1628 | 1636 -0.49 _'1392 1414 -1.58 ] 245.0 249.0 -1,71
100 300 15612 |- 1520 | -0.53 1705 - 1732 -1.58 | 351.5 354.9 | -0.97
100 400 -} 1443 1450 -0.48 1968 - 2000 - _;1.63.~ 438.4 1441.6 | -0.73
75 | 400 .| 1382 | 1390 -0.58 2272 2309 -1.63 402.9 .40505 -0.64]
.50 | 400 1313 |- 1318 -0.38 2784 - 2828 f1,58 351.5- 35207 -0.34
25 400 1222 1225 -0.24 3934 4000 -1.68 268.0 268.8 -0;30
Table E2

U



=10 . ' )
¢ 0 : VC,peak(V) IL,peak(A) tq(usec,
VCI = IGOVd .
,c . s
Detail ; 1 Detail Detail
L(uH) 7 C(uF) Simu- Approx.} % - Simu- Approx. | % Simu- §{ Approx.f{%
' lation ¥ Result { Diff. lation § Result JDiff. 1apjon Result Diff. E
100 | 100 1895 | 1900 |-0.26 991 § 1000 | -0.91 87.0§ = 90.2 {-3.68
100 200 1629 1636 -0.43 1403 1414 -0.78 247 .5 249.2 £-0.69
100 300 1514 | 1520 -0.40 1718 1732 -0.81 353.5 354.9 §-0.40
100 400 1446 1450 -0.28 - § 1983 2000 -0.86 - 439.9 441.6 §-0.39
75 400 1388 1390 -0.14 2290 2309 -0.83 404.4 405.5 §-0.27
50 400 1316 -1318 ~-0.15 2806 ° 2828 -0.96 352.0 ‘352?7 §-0.20
25 400 1222 1225 - |-0.24 . 3964 4000 -0.91 268.5 § 268.8 [-0.11
Table E3

8P



- Q=100 Ve, peak(v) 'L ,peak() tq(us_‘ec)A
VCI = 1.25V . a | .
c ‘ _ -
| o Detail | - Detail’ ) Detail § . - |
L{uH) } C(uF) Simu- Approx.| % Simu- | Approx. {% Simu- { Approx. | %
Jdation | Result § Diff. lation | Result jDiff, lation ! Result § Diff.
100.. {100 1893 | 1900 | -0.37 | 1230 } 1000 ]19.35 | 152.0 90.2 | 40.66
100 | 200 1632 1636 |.-0.37 | 1754 | 1414 |19.38 [ 292.0 | 249.2 | 14.66
100 | 300 1527 | 1520 | o0.46 | 2146 | 1732 |19.29 | 394.4 354.9 | 10.02
100 400 1468 1450 | 1.23 .| 2480 2000 | 19.35 | 479.9 441.6 | 7.98
75 | 400 1419 1300 | 2.08 | 2864 - | 2309 }19.38 | 432.9 405.5 | 6.33
50 | 400 1363 1318 | 3.30. | 3504 2828 |19.29 | 37.0 | 352.7 | 4.93
25 | 400 | vs00 | 1225 | 5.77 | 4959 | 4000 |19.38 | 277.5 | 268.8 | 3.1
Table E4

6t



Q=100 VC,peak(V) | ' IL,peak(A) - : tq(usec) :
VCI ]°50Vd - : . .
'dc
Detail § : Detail B Detail ' j :
L(uR) § C(wF) Simu- Approx.§ % Simu- Approx. § % Simu- Approx. § %

lation § Result & Diff. Jation { Result JDiff. { lation Result 3 Diff.
100 100 | 1910 '1900 : 0.52 - 1488 1000 | 32.80 184.0 90.2 50.98

100 200 - 1709 1636 4.27 2102 1414 32.73 319.0 249.2 21.88

100 { 300 | 1638 J-1520 |7.20 | 2578 {1732 |s2.81 | a20.9 349 |is.68

10 | 400 | 1599 | 1450 | 9.32 | 2976 |} 2000~ }32.80 | 505.4 f{441.6 |12.62

75 | 400 1569 1390 {11.41 3433 §2309 132.74 | as2.4 §a0s5.5 }10.37

50 | 400 } 1536 1318. 114.19 14206 2828 32.76 383.5- } 352.7 8.03

25 | 400 1502 1225 18,44 5953 4000 32,81 - § 283.5 268.8 5.18

Table _ES

05



.'E.].3 McMurray Commutation Circuit Simulatidn Program

ot o et Gu Gt g P

/
< N

’
NN
N=C

23

’
S
hre

: 26

- 27
i 28
29

30

- 3
o 32
33

' - 34

- 35
' - 30
37

38

- 39

407

41
42

43
a4

."- - 4y

406
47
48

49,

o 50
-~ 51

SCOPUN=O0 BNOV U~

$J04Y ) o,
' REAL L+ILOGAD I oL 1417 AK
RUAL IJME(?OO).CURR(’uu).VC(?OO)
INTEGER PMAX
DA 2000 KK=§,7
C READ CIRCUIT PARAMETERS
READ(5,10) CasLsQ
10 FORMAT(4(SX.E15%e4))
. READ(S0.20) VOCLILOAD -
i 20 FORMAT(AF10.0) . ‘ ‘
C CALCULAI[ MODIFIED PAKAMETERS
PMAX=2%
wWO0=1.0/SART (L%*C) -
WTEMP=1 .04+(0.5/7Q) %2
W=WO/SURTIWTEMP)
PHI=ATAN(2.0%Q)
ALPHA=0.5%w/Q"
L R=2,0%ALPHARL
VCi= 1,00%VvDC
INVERVAL TO - Ti
COMPUTE 11
CALL CMPTI(TI.VCl.lLOAD.W.L.ALPHA-YIO)
TQOo=11-T10
COMPUTE OLELT1 ’ *
DELTI=TI1/PMAX -
START COGMPUTH CURR ANU VULTAGF
1=0.0 :
DO 100 I=1.PMAK
CTIME(L)=T.
CURR(1)=VCI*EXP{—-ALPHA®T ) *SIN(Ww
VC(I)“-WO*VLI*EXP(—ALPHA#T) SIN
100 T=T+DELTI
o INTERVAL Tt - T2
. VCO=VC(PMAX)
L  IL=CURKR(PMAX)
I NDEX=PMAX
DF——Vco#ALQHAtLXP(—ALPHA*T)tblN(w#!)/(W*L)
"DF= 01+Vr0tlXP(—ALPHA#T)#COS(h*T)/L
. VDO=VO(-IL4R-L&DF-VCO
200 IF{VDO.LE.O0.0) GO TC 300
TFUINDEXe GI«1000) GG TU 999
INDEX=INDEX+1] *
CURRCINDEX) =1LOAD . .
TIMECINDEX)=INDEX*DEL T1
TVCI=VCO+ILOADYNELTI/ZC
VC(OINDEX )=V
VvCO=Vv(Cl .
TL=CURR(CINDEX) .
VDO=VDC—-[1LL*R-VCO
. GO TUO 200
C  INTERVAL T2 ~73
300 T=0.0
TO= TlMt(lNDFX)
1L=CURF (INDEX}
IL1=1IL
. ) VIEMP=VDC—VCO
310 IF(IL1.LE.O.0) GU TG 400
IF(INDi XeGT«1000) GU TO 99G9
ANDEX=INDE XY :
T=T+901 11

(algl

WET )/ (WL )
N(

T) .
WET+OHL) /W

51



=

S2
53
54
95
56
S7
58
59
60

61
62
63
64
65
66
67
68
69
70
71

72
73
74
75
76
77
78
79
80
81
82
83
84
85
86
87
88
89
90
9l

92
93
94
95
S6
97
98

C

- o e b e S e B e -

CTEMP1=EXP(-ALPHAX%XT) v

CTEMP2=CTEMP1 %SIN(W*T)
CTEMP3=CTEMP 1 &SIN(WXT-PHI)

CTEMP4=CTEMP1 xSIN(w*Y ¢+¢PHI )

CURR({ INDEXI=VTEMP&CTEMP2/( WXL )-WO*IL*CTEMP3/w
VC{INDEX )=VDC~WOXVTEMPSCTEMPG/ wtILE*CTEMP2/7( wxC)
TIME( INDEX)=T+T7T0

IL1=CURR({ INDEX)

GO TO 310

OUTPUT THE RESULTS

400

420

999
500

9999

600
1000

1001
1010
1020

1030

11

21
2000

CONTY I NUE

IF(KKoGTe 3
CALL PLOT(
WRITE(6.41

) GO YO 1000

T

0
FORMAT('*0",

T

Q

]

ME.CURR, INDEX)

i
)
i PLOT CF COMMUTATIUN CURRENT VSe. TIME®*)
CALL PLOT(TIME.VCs INDEX)
WRITE(6,420)
FORMAT(*0"® o/
GO TO 1000
WRITE(65500)
FORMAT (%0°,° *%x INDEX EXCEEDS 1000 IN 200 k%)
GO 7O 1000
WRITE(6+.600) : '
FORMAT(®*0®,° %%k INDEX EXCEEOS 1000 IN 300 k&)
CONT I NUE
CTEMPS=SQRT{L/C)
VCPEAK=VDC+ILOAD/ (WO%*C)
IPEAK=VDC/CTEMPS
TQ=2.0%(15708-ARSIN(CTEMPS*ILOAD/VDC)) /w0

g PLOT OF CAPACITOR VOLTAGE VSe. TIME®)

WRITE(6,1001)

FORMAT(®*1°%,0 APPOXe VALUES?)

WRITE(6,1010)

FORMAT(®°0*,10Xe°VCPEAK(V)® ¢5Xs®* 1IPEAK(A)®*,9X,°TQ*)
WRITE(6,1020) VCPEAK»IPEAK,TQ
FORMAT(®*0°® s 10X sF9e2+5XsF9e2¢5XsE1144)

VCPEAK=VC( INDEX)

CALL CMAX({CURR s INDEXs IPEAK)

WRITE{(6,1030)

FORMAT(*0%e/ " TRUE VALUES?*)

WRITE(6,1010)

WRITE(6,1020) VCPEAK,: IPEAKsTQO

WRITE(6,11) CelLoeQ

FORMAT(*0°%°e//" C = *,E15e4," L = *,EL1S.4,°* Q = % ,F6e1)
BRITE(6:21) VDL ILGAD.VCI

FORMAT(*0%o/7° VDC = ¢ 3F10e2s" ILOAD = *4Fl10e2,° vCl =
CONT EINUE

STOP

END

*JF10
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L mOLINONE

SUBROUTINE CMPTI(TIqV(lolLOADt'oL.ALpHAoTIO,
REAL ILOAD,L

XMAX=1¢0E-2

DEL.X=0.5E~6

X0=1.0E-6

AFO-VCI*EXP( ALPHA#XO)*SIN(h*XO)/(h*L)—ILOAD

X1=X04+DEL X
FI‘VCI*CXP(—ALPHA#XI)*SlN(h*Xl)/(H&L)—ILOAD

- IF(X] eGT«XMAX) GO TO 99

10

-.20

- 30

99
100
1000

10

lF(FO*Fl) 20.20.10
X0=

'F0=Fl

GO TO
DF-—VC[tALPHAtEXP(—ALPHA*Xl)#SlN(w*xi)/(w*L)'
DF=DF +VC [ 2EXP(~ALPHA%X 1) &COS5( wsX1)/

IF{DF «LL.T«0e0) GO TO 30 -

TI0=X1 -

GO TO 10
Tl=X1

GO TO 1000
WRITE(&6,100)
FORMAT{(®0"®,
CONTINUE
RETURN

END

##%  XMAX EXCEEDED, NO ROOT FOUND®)

SUBRUUTINE CMAX(X NMAX.XMAX)
DIMENSION X(NMAX)

XMAX'OQO

DO 10 I=I +NMAX
IF(XMAX.LT-X(I)) _XMAX= X(l)
CONTINUE

RETURN

END '

o

G,

4 e e messe
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SUBROUTINE PLOT(

T N
INTEGER PLINE(61)
{

oFsN ' ’ !

dASTRXs AXISeBLANKsPLUS VDASH

N) OISPU3)0V(21)4SCALE(3) ,SFRCT(
LAN

05.

DIMENSION T(N),F S)
. DATA ASTRX.AXISB KePLUSsVDASH/ " #9010 ,9 v 04a,0)0e¢y
DATA SFRCT/BecZ S SCALE/2%60.

o75%10-/d”smﬂ.5ﬂu.5ﬂﬂ.5/,

FMAX = F{ ,
FMIN =
DO &4 1
1 12+241

N)3(4.4

.CONTINUF
IF(ABS{FMAX )~ AﬂS(FMlN))bosts
DIV= ABS{FMAX)

DIV = ABS{FMIN)
NEXP = lFlX(ALOG(DlV)/ALOG(lO-))
IF(DIVoLT41.)NEXP = NEXP - 1
PP = 10.%%NEXP o oo
P = 10.%%(~NEXP)
FRACT = DIV#*p
DO 8 1 =145
DIV=SFRCT( [ )&PP
IFIFRACT-SFRCT(1))9,9,8
8 CONT INUE , !
9 CONTINUE SR _ ,
WRITE(6.11)PP S ' ,
11 FORMAT(*1T0 GET THE TRUE VALUES, MULTIPLY THOSE . IN THE 2ND COl

N N Pwh

18Y *,i1PET.1/)
2420420
12 M 25925430
20 lNDE?

1
30 INDEX =

\| =~

100 DO 110 -
110 0Y(I)

1

} ¢+ YINC%:P
Y

6e1)

le o %
v

MO ==

120 FORMA

O=~==0:
Ml N~ sRXN<LII KO
. o« Ne S~
b

125 FORMA "TOlIXe"F*eT21,4°+%,10(%—————+"*))

.
N
)/DIV)*SCALE(!NDEX)*D!SP(INDEX’)
0.6
5
&]

.'L'x

130 PLINEGL
135 PLINE(L)

D

v
GO TO S0+160)s INDEX-
{
S
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YO VOD OO
SUPUWN=C

197
198

200
201

202
203
204
205
206
207
208
209
210
211

"PLUINEC(C1) = AXIS

e e gt g - pue e
~goooe oo
QUVE~N 0O

L
O
(=X

195

GO TO 170
DO 155 L=1,!
PLINE(L) = ASTRX

PLINE(61) = AXIS
G0 TO 170 - -
IF(I=31)165+169:167
DO 166 L = 1,30
PLINE(L) . = ASTRX
GO TO 169

DO 168 L = 32.1
PLINE(L) = ASTRX
PLINE(31) = AXIS
PLINE(I) = PLUS

FP = F(J)*P
WRITE(64180
FORMAT(' v,

CONT INUE
WRITE(6,195)
FORMAT(20X+*19,10("
'RETURN ~
END

- SENTRY

) T(J)+FPsPLINE
G10e331XsF7e3sIXs61A1)

B Y YO
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1900.00 '1000.00 0.9021E-04
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. VCPEAK (V) "~ IPEAK(A) TQ
lﬂ : 1895431 991.48 0. 8700E-04

e = 0.1000E-03 L =  0.1000E-03 Q@ = 100.0

-lvoc = . 1000.00 1LDAD = 900.00 VCI = _ 100000
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fO ET THE TRUE VALUES, MULTIPLY TRGSE IN THE 2N0 CULUMN: BY 120E O3
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§ APPUX. VALUES

' VCPEAK (V)
q
1636440
™ TRUE VALUES
VCPEAK (V)
- 1628470
T e = 0.2000E-03 L =
. VDC = 1000.00 ILOAD =
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[— -~ ‘
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VCPEAK (V)
1519062
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VCPEAK (V)
1513483

 043000E-03 L =
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IPEAK(A) 1Q |
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 900.00 VCI 1000400

. e e ———— -

64




"E.2 Induction-Motor Steady-State Performance with PWM Voltage Source

i

The performance discussed in this section means the line currents.

and the developed torque. The method of multiple. reference frames is
used with balanced PWM voltage sources. The step by-step analysis and
a program to perform the calculations are shown in the next section.

With the PWM input,’ the resultant line currents and developed torques
-at d1fferent slips are shown 1n Table E6 ‘

Siip’ | ‘_-Line-purrent ‘ 1 Deve]oped‘Torque
Fundamental = 100% dc torque = 100%
0.0 ~ 5th Harmonic = 24.0% . 6th Harmonic
| 7th Harmonic = 8.6% Pulsation Torque
0.02 5th Harmonic = 8.4% .- 6th Harmonic>f’2°9%
7th Harmonic =  3.0% o -
0.05 5th Harmonic =vi3.8% ~ 6th Harmonic = 1.3% ;
- 7th ‘Harmonic = 1.4% '
0.10 5th Harmonic = .2.2% 6th Harmonic = 078%
' 7th Harmonic = 0.8%

. _ Table E6:  The table shows harmonic contents
of line current and developed torque
- for a particular PWM voltage source,
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E.2.1 Method of Multiple Reference Frame Analysis

~

The fo]]owiné Step-by-step procedure is deve]oped according to [4].
With the connection shown in Fig. E8 -

~Step 1: Determine the Fourier Series representation of voltage sources

_vga’ vgb and Vgc'

oo

ga - v kal [aka cos.kwet + bka sin kwet]

<
1

[o o]

'vgb =V kfl [a,, cos k(w t- ——0 + b kb sin k(w t- ——0]

. o 1.21 . 21
.Vgc v kfl [a, . cos k(wet+ 3) * by sin k(wetf-jg)]

With PWM waveform shown in Fig. E9 -

‘ 4y . . : . .
v o= -ﬁ-(0.95 sin wyt - 0.22 s1ny3wet +0.04 sin Swet - 0.02 sin 7wet)

ga
4 - 2my - il
vgb = = [0.95 sin (wet - 3) - 0.22 sin 3(wet - 53
+0.08 sin 5(w,t - ) - 0.02 sin 7(wgt - 231
- ﬂ . g;n‘_ . 27
Vge = T [0-95 sin (wgt + =3) - 0.22 sin 3(u,t + =)

+0.04 sin 5(u t + z—g) - 0,02 sin 7(uyt + ——)]

For more detail about the Fourier Series Coefficients, see pp. 406-409 in [1l.



CONNECTION

FIG B9
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PWM  waveEForm WITH N=10
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Step 2: 'Determine corresponding voltages, v andrvzg, in d-g reference

\ qs
frame which is fixed in the stator as shown in Fig. E10.

s .2 L
Vgs =3 [Vas - ?'(Ybs t el
s }; 2-- V3 . /3

=3 (- Vps * T Ves)

-1 ’
=75 (= Vps * V¢s)

. For the example set in Step 1 -

| VZ; = 2 [‘"'{0 95 (1-COS ——0 sin w,t - 0,22 (1 cos 3x——) sin 3wt
+ 0.04 (1 —cos 5xZL ) sin 5wt - 0. 02(1 -Ccos 7x——)s1n 7w t}]
and st ='7%= [ﬂ%~[0;95 x 2 sin.(g%) cos (wet)

-0.22 x 2 sin (3x2}) cos (3u,t)
+0.04 x 2 s1nv(5x—§) cos (Swet)

-0 02 x 2 sin (7x2% ) cos (7uwg t)}]

Step 3: Determ1ne the amp]1tudes of harmonics components of v° s and vjé
~ as shown in Fig. El1. q d
s - - .
Vas kE] (Vk cos ku t + quYs1n kwet)
st o_ o - ' ,
and Vs ka] (dea cos kwet + deYs1n kwet)

By'equating the coefficients of VZS and VZS with those obtained in Step 2,

qua’ kaY’ dea and deY can be determined.
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As an example, from Step 2 -

=

e , .
Vas -.kE] (quacos kwgt + quY sin kwet)
i;nd1' ft VZS é kZ] (dea cos kw t + de Sin,kwet),?'

_lBy equat1ng the coeff1c1ents of v and vds w1th those obta1ned in Step 2

qs
qu qu ’ de and deY can be determined.

As an examp]e, from Step 2 -

S 2
vqs 3-[-—-{0 95 (1 -cos ——J sin w,t
. \ - 'IT . .
s JURTA
+0.04(1~cos SXE%) sin 5 w,t
e '_9;92(17co§ 7xgg) sin 7 wet}]
. . N T I T _ gﬂ
implies Vg, = 05 Vg * Wy (b.95) x 2l1-cos73)
- ' ‘ o 2
A R\ . 2(1-cos 353)
V3qa i:O, x (~0.22) x 3

;VV3QY, T T3

= 0- Y\ ” e 2T
ﬁV5qa = 0; Vquv, o X (0.04) x 2(1-cos Sjg)
3

- oy 2my
; -0 v = 2(1 -cos 7% )
V7qu 0; V7qY,., . X ( 0 02) . —



also implies

] . v : . ' g‘

: ., 20 . _ . T
_4v - 2sin(=%) . » - n. -
o4y 231n(3 1. oo
v = — X ( 0. 22) X 3 v =0
3da T —_— 3dy.
. r el v
o - 4V; 251n(5——) -

A - o ome
= Ay (-0.02) x 2sin(773),

V740 T Ty — »V7dy =0
A . ‘ . . tke +ke -ke -ke
Step 4: Compute the constant forcing functions, vqs s Vo o qs s Vys

" in multiple reference from +ke and -ke, using

+ke _ 1

Vast = 7 Wiqa ~ Viay)> k=1,2,3. 00 nrn.n.
Vs = %"qu@ " Vigy).
_ v;te ;'(qua * deYﬁ
cand v = 7 g Vi)
Together with qua’ dea’ vqu, and.V_de from Step’3, the constant forcing

functions can be computed.

_ The following sequences of phasor diagrams (Fig. E12 E15)show how the
multiple reference frames,+ke and -ke, are set up such that the forcing func-

~ tions on those reference frames are constant. With constant forcing functions,

linear ana]ys1s can be app11ed in each reference frame

Finally, in each reference frame, +ke and -ke, a set of constant forcing
funct1ons can be wr1tten as
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+ke‘_ll‘._] -y
Vos = 2 %% 77 Viga ™ Vkay!
tke _. 1, _1
Vas = 72 Yk T 7 Wigy * Vido!
ke _ly L1 |
Vos = 2 Vka "7 Viga * Viay!
-ke = l =.]... :
Vas. = 2 VK8 = 7 Vigy ™ Vido!
e tke . tke ke ke . -
Step 5: Solve for Tgs » Tgr o 1ds."ﬂand Tar currents in multiple
- reference frames +ke and -ke, using the relation
Covike T e slp) ket Mp +kay M
gs A swTSSH Tetss - , e
+ke , .
Vs ':(ikweLss) (rs+Ls$p -(#kweM) Mp
yike Mp  (tkw-w )M (rtl.p)  (tkw-w }L
Coqr. P A - T r eprP e r’Trr
yike Stk -u )M Mp -(tkw-w )l (r4Lp)
| dr ] L r "P e r/Trr r oreP i
B iké n
4 gs
. *ke
Tds
. tke
Tor
; tke
. . dr ]
where operator p = d/dt

w

S v 5 o

~_s s €

synchronous angular velocity (rad/s)
‘rotor angular frequency (rad/s)
‘stator resistance (f) ‘
. rotor resistance rgferred to stator
Lslsm | }

4
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L, = stator phase inductance

' L, = Mutual inductance between stator phase

| er = Lr er :

, Lr = rotor 1nductance referred to stator !

v Lr = mutual inductance between rotor phase (referred
. m -

: C to stator) A
” = Zlms

The preced1ng system of equat1ons can be so1ved w1th some mod1f1cat1ons°
-However, with the following assumpt1ons - .

constant speed (wh1ch is a necessary assumpt1on for
preced1ng analysis)

steady state condition (p=0)

°

short circuit rotor

. the system of. equat1ons becomes a set of simultaneous a]gebra1c equations
from which ke jtke - _ke and ;tke - can be solved with vike o v+ke =0

gs > 'ds’ lqr dr . . qr dr s
.S .S

.S .
gs® 1ds’ 1qr and.jdr~us1n9

~ Step 6:  Work backwards to find i>

‘35 k§1vf(1*"e - q's‘e) cos kgt + (15 - 176€) stn kgt
'ijs-é'kz [(T58 + 155€) cos kugt - (1€ - 1759) sin‘ kugt]
i:r‘= kZ][(1+ke + i;&e) cos kgt + (1+ke - 1dr ). sin ko ot
- idr = k§ [(1;te + 1dr ) cos kw t j'(1+ke f,ia:e)lsjnfkeet].
§§gg_1§u.§ompute i ;v1bs and i, using
Tas =-iZs ,
Ths = "%'i:s . !g'ijs
and | Tes = - %;izs‘+'£§ ‘35



sampled version of i
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i . T
At this step, the harmonic contents of line currents 1 s 1bs and 1CS can

be determined using Fast Fourier Transform for one comp]ete cycle of the

» which is readily available if i__ is solved by using

as as

a digital computer.

Step 8: Find the developed torque using

- MC%)(%)(iZS 1Sr - iZs iqr)

T= ar
where m = number of phases
P = number of poles

Similarly, FFT can be applied to find the harmonics of pulsation torque,

The 11st1ngs of the program which handle these step by- step computat1ons

“dre’ shown in section E.2.2.
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OCWNONBWN =

o R
CONOBPLPUN~

20

yuud

C

~

C

REAL .
"RE AL
REAL"
~REAL -
REAL IGR
" REAL 'vVQSP
"REAL vQaaltz2
V\REAL'APE(zo
~KE AL DPE(cO)-
COMPLEX XSMALL(
ENTCR CKT PARAMETE
RS=0,0253
~R=0.0222
XM5=2,0420 .
XLS5=J.0775
XLR=040322
FB=60+.0
FE=60.0
SLIP=0.05
NPHASE=3
NPOLE=4
CALCULATE OTHER DEPENDENT pARAMETFRS
KMAX =13
P1=3,14156
w3=2.0%PI%FB
WE=2,0%P] «FE
FR=wEZ/%wB .
WR=(1s0-SLIP)%WE
XM=1 o, 5% XMS
XS5=XLS+ KM
XRR=XLKk+XM ’
READ COEFS GF FOURIER SERIES REPRESENTI‘G THE l/p VOLTAGE SpuUCE
READ(5,123) (A{(1),I=1,20)
READ(S+10) (B8{(i1)s1I=1,20)
10 FORMAT(10FE,:3)
BIMAX=8+0/(3.0%P]) :
ARGU=2.0%P1 /3.0 N - : o .-
B2MAX=8B.:,0/7(1.73205%P1) : .
TC=({1ea0/60e03/712850
CALCULATE VQA,VDAsVQB'VDB
WRITE(6,20) ~ ’ .
C o/ /25X GK'.BXQ.VQA(K)'08XO.VQB(K)’QBX"VOA(K)'

sCPE(20) +CN"(20)

EMDENVN ~Ns -
TOLOOOC — (%~
FMME s~ X
Keowmme o ¢ (D& o
NN oo e A (N
QoOONLODe OO
e e e 222060
mou<mmMmnc
Z27ZQm~~nM
AT TR ~-
ISGVVE SRl g SN VI
OOCOe we YW
- G P

20 FORMAT(*Q
* 8Xs ' VIOB(K) )
DO 100 K=1¢&KMAX,2
VQA{K)=0.0
VABIK)=BIMAX¥B{K)%(1.0-COS(KTARGU))
VDAIK)I=B2MAX*¥B(K ) %S IN(KXARGU)
VDB{K)=0.0
WRITE(EL21) K'VQA(K’!VQB(K"VDA(K)IVDB(K)

21 FORMAT('0 ¢4X 41234(EXeF3¢4)) '

100 CONTINUE

CALCULATE VQSpE;VDSPE-VQSNEQVDSNt

WRITE(6,110) ’ : . :

llO FCRMAT('O"///QSXO'K!osxl'VQSE*(K)'.5Xr'VDSE*(K)"S(O'VQSE‘(K)'O

SX.*VDSE-(K) ') ’ ’ 3

DO 200 K=1,KMAX,2
VQSPE(K)=0.5%¢(VQA(K])- VDB(K)) - -
VDSPE(K)I=0.5%(VAB(K)+VDA(K)})
VOASNE(K) =0 4 " ¥ {VAA(K )+ VDBI(K))

weJdbodd SLSA|euy swed{ adusudo4ay ;a[d_u[nw 2:2°3

LL



i _

i S3 VDSNE(K)=0.5%(VQB{K)-VDA .x..
i S4 WRITE(64111) K.VQSPE(K) ,VDSPE .x..<om2m.x. <omzm.x.
: S5 111 FORMAT(*0* +4X+12+4(5XeF8es)).
' 56 200 CONTINUE
L C COMPUTE AE.BE,CE.DESEE . o .
STTTTTUSTT T D0 300 KETWKMAX .2 T T T e T T s
c 58 KN==-K -
' 59 >um.x.nnm*.nm**m*..xnzm\sm,*mnyxnm.**m,*.
: : : * K¥(K~WR/WE)*RR*(FREXM) %2 .
i. 7T 6077 "7 75 ANEUKIERSHIRR®¥2¥ [ (KN-WR/WE)#FR¥XRR) %2 )¥ S
o . & KNZ{KN-%R/WE ) SRR*(FR&XM) % %2
; 61 .. BPE(K)I=SK&({K-WR/WE)*&2*¥FR%% 3eXRR&{ XM&% 2~ xmw*xzmvnxﬁxm¢«m«mn»xmm
62 = - BNE(K)=KN#% (KN~WR/WE ) ¥ ¥2 ¥FR*¥3 #XRR & ( XM¥*2-XSS* XRR) =
LT T T T - TTRNYXRRERZ2EFRR® XSS T - o
B 63 : CPE(K)=—(K— sn\smvwmm*umﬁxz*ax*nn»xmm¢ﬂx wn\smwamm*xnm.
64" CNE(K)}=—(KN-WR/YE } 5FR*¥ 25X ME{KNSRREXSS+ (KN-BR/HE) ERSEXRR)
s 85 DPE(K)=—(K—-WR/WE) $FR* XM¥( RS¥RR¥+K & (K-WR/BE)SFR** 2k ( XMEE2-XSSEXRR))
T 86T T T DNE(KIESIKN-WR/WEIRFREXMR { RSERREKNE( KN-wR/WE) & i :
_ * FR®¥*¥2%x( XMXE2-XSSEXRRK) )
67 EPE(K)=({RS*RR+K3{ K—WR/WE ) SFR&&2% ( XME£2—-XSSXXRR) ) &&2¢
E , ¥ T {KERR¥FFREXSS+{K—aR/RE ) RRSEFREXRR) %2
. -i;;mw;:Il ——— ENE(K)={RSERR+KNE(KN-NR/WE ) EFR*#2 % ( XMF¥2=-XSSE*XRR) %24 —
C # _xZﬁmmumnwxmm*nxznxm\xmu*xm“nz*xmmuﬂ*m
o 69 300 CONTINUE
g C COMPUTE CURRENTS
L T RO T T RITEUE3ITOY 0 T - o T T =
N 71 u—o mo»z»qn.o,.\\\.uxo.x.eux..~omm+ v ..uommtﬂx...mx..homm¢.x.
’ 3Xe" IDSE={K)? 43X $IQRE+(K) sV TQRE~(K) ' 3Xo ' IORE+(K)
‘e * 3Xs* IDRE-(K)") o
.W.i:aﬁml.,zuiiloo‘aod‘xu».xz»x.~|:|:l||!:i,=i.l;;;;n,!;ls-i;:; o e
— 73 1QSPE(K)I=(APE(K)%#VQSPE(K)+EBPE(K)&VDSPE(K) })/EPE(K)]
T4 IQSNE(K)=(ANE(K) *VASNE(K ]} +ENE(K) *VDSNE(K) } /ENE(K)
. 75 IDSPE(K)={-BPE(K)%VQSPE(K )} +APE(K ) #VDSPE(K) ) /EPE(K)
.2 75 T IDSNETK)ET=BNETK )BRVUSNE{K )} + ANE{K Y SVDSNE(KII/ENE(R Y~ — =
- 77 IQRPE{(K)I=({CPE(K)®VQSPE{K)+DPE(K)&EVDSPE(K) })Z/EPE(K)
== 78 IQRNE{(K)I={ CNE(K)2XVQSNE(K )} +DNE(K}#VDSNE(K) )/ENE({K)
e 79 IDRPE(K}=(—DPE(K)*VQASPE(K } 4CPE(K I *VDSPE(K) ) /EPE(K)
T8 T T IDRNE(K uugiozm‘x,acomzmAx.¢nzm~x.»<omzmex¢g\mzm.xﬁz — === -
81 XA{1)=IQSPE(K)
a2 XA{2)=1QGSNE(K)
s &3 XA{3)=IDSPE(K) ,
.».mlllll., m&...!l-lllnllf xlhﬂ.&d "mcmzmﬂﬂdxllixx. T/ T T e LT TotTeTTTr T s T e e
- 85 XA(S)=1QRPE(K) : : _
aé6 XA{68)=IQRNE(K)
- 87 XA(7)=IDRPE(K) , .
o g8 m T XAGSISIORNE (K )Y - 77T TTTTITTT o s o em s e s e e s
L 89 :muqmao.u.mv x..x>au~._|_. 8) - .
e 90 = 311 FORMAT('0°%,2X+12;8{(3XsF8:4))
= ot 400 CONTINUE o
o T €T COMPUTE™ HQWmoﬁomma~ommmudnm : - - S
92 .00 S10 I=1,128 . o
'8 $3 T=(I-1)*%TC
i 94 ARGU=WEXT T : ) ,
s e OG - i lgmm.ﬂ.nuudlolo“ M T T - N - A e - - - - r——
. 96 [DSS(1)=0.0 H . . .
- 97 uonm...uo.
13, 98 IDRS{I)=0.0 ) : .
ey " 99 DU 500 KETsKMAX:2 — - e o e S S
100 10SS(1)= ~owm._.¢._omnm.x~+_cmzm.x. *COS(K*ARGU)

N * : +-Um_um:Av uowzm:nu )*SIN(K*¥ARGU)




[}
0

CUEUN=OVDNONLUN=OLONQNIULUN=OOANECNEWUN~O

0 pun Cub G0 gup (0B b P U D s S0 bab 0 Dua B0k e o S0 pug B0 On fad fun B G0 BN pab bt TN Pub Peb pmd Bt pam gt
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L PUN=OCO®N

i ' , . . . 1

lusb(;l—l-::tl;*t‘uawhtklflu:h:(k:iruqJ(A¢Auuul
o ={ 1QSPELK)-1QSNE(K))IESINIKSFARGU)'
IORS(I)-IukS(I)+(IQHPE(K)+IQRNE(K))#CGS(K*ARGU)
L . +(IDRPE(K)I=TDRNE(K)})I®SINIK®ARGU)
IDRS(!)—I\RS(I)f(IDRP&(K)#IDNNE(K)l*CUS(K#ARGU)
B —(IQQPE(K)—IQRNE(K))#SlN(KtARGU)
500 CONTINUE
TIME(]I)=T
FAS{1)=1QS8S(1)
IB853(1)1=-0.5*%1Q5S{1)-0.306%1ID5S(1)
JICS(1)1=—0e5%k[USS{I)+0 «366%]1ID5S(1)
TORQUE(I)=0.259% XM/ wEXNPHASEENPCLE®

% (IQSS{I1)*]DR3(1)-1IDS 5(')*IQHS(I,)
"9510 CUONTINUE :
DO 520 JJu=1.42
KK=3%JJ
XX(JI)=TAS(KK)
TX(JJ)I=TIME(KK)
520 CONT INUE
CALL pLUT(TXoXXoQZ,
¢RITE(6,600)" . -
600 FORMAT{*Q"*,/? PLOT CF 1AS VS. TIME')
DC 75 1=1 28
MPLX{1AS{1I)20e0)
MALL,75228)
28

. el
75 XSMALL(I)=C
XS
s 1
BS{XSMALL{I))
| S
(F
(¢ X¢]
*y
=1

CALL FFT
DC.76 I=
MAG(IL)=C

76 FREQ(I) Q/TCY*(1-13/12840

)
{
1
A
={
CALL PLGT REQsMAG+42)
WRITE{(G6+7 ¥
700 FORMAT(*O /° PLCT CF FREQUENCY SPECTRUM OF [AS?)
0C 620 J4J +42
KK=3%JJ
XX{JJI=TORQUE (KK
TX(II)I=T IME(KK)
620 CONTINUE
CALL PLOT{TX+XXo42)
T WRITE(64630) '
630 FORMAT(*'0¢,/° PLOT OF TCRQUE VSe TIME")
DO 77 I=1,1238

77 XSMALL{I)=CMPLX{(TGRQUE({1)+0.0) '

° CALL FFTIXSMALL.7+128) . ) : T oo
DO 78 1=1.128 ‘
MAG(1)= CABS(XSMALL(I))

78 FREQUIDI=(1.0/TC)%(1-1)}/120,0
CALL PLOT(FREQ:MAG,42) :

WRITE(65710)

710 FORMAT('0',/°" PLOT OF FREQUENCY SPECTRUM OF TORQUE',39(/)) .
STOPR : ’
END

SUBROUTINE FFT{XyM,NUMDAT)
COMPLEX X(NUMDAT )} sU.®+TCMPLX

N = 2%%M
NV2 = N/2
NMY = N-1
J.=1T °

DO 7 I = 1, NMI
TF{1eGE+J) GO TO 5
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VREUN=OQOONCNLPWUN=O

0ONOONAONANNO

N Y SN

G K X 5

x .

= (J)
(J) = X(1)
(1) = 7T
= NV2
F{KsGEeJ) GC T3 7
= J=K
K = K/2
SO 1O 6
J = J + K
BPYI = 341415527
20 20 L = 1, M
LE = 23%x(
LEl = LE/Z2
U = (1.0,00) -
W = CMPLX(CUS(PI/FLUAT(LEL ) ) +=SINIPI/FLOCAT(LEL}))
DG 20 J = 1s LEI
DO 10 1 = JsN,»LE
IP =1 4+ LEI
T = X(IP) =%y
X¢IiP) = X{1) - 7T
X(r1) = X(1) + 7T
U = Uxw :
RETURN
END

SUBROUT INC PLUT(TeFsN)
R LA R R R R e S s L R e R R L

SUBROUT INE NAME

ARGUMENT LIST 3 = NOe« CF RUINT5 TC BE PLOTTED.,

N =
T = TIME, A ONE DIMENSIONAL ARRAY OF SIZE N
F = FUNCTION VALUEs A ONE DIMANTIONAL ARRAY
. OF SIZE Ne .
DESCRIPTION I ThIS RUUTINE PLOT FF VS T FOR N "PCINTSe.
Te F AND N MUST BE SUPPLIED BY THE CALLING PRCG #
. ) . : - %
R Ry Y L R s d i It T L SRt TR T Ry,
INTEGER PLINE(61) sASTRXsAXISeBLANK PLUS VDASH
DIMENSION TIN)F(N)+sDISP(3)eOY(11)sSCALE(3)+SFRCT(S)
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_ _ A somewhat more detailed circuit diagram of the prefered cslI- M, ca]led
the auto-sequential commutated inverter (ASCI) is shown in Fig. Fl.
"cuit-configurations for each of the 18 operating modes are shown in Fig., F2 .

through F1g. F19.

e Assum1ng steady state, the operation during each commutat1on interval 1s
. similar. Hence, only the operation of modes 1-3 will be discussed.
.plified equivalent circuits of operat1ng modes 1-3 are shown in F1g° F20 through

APPENDIX F ANALYSIS OF CSI-IM

Fig. F22 respect1ve1y

" pefine Al
A2
A3
1
“A5

A6
Bl
B2
B3
B4
'B5
D1 -
" D2

“The correspond1ng equat1ons for the circuit shown in Fig. F20 can be

wr1tten as

vab

RC +“RB'

RF +

RC + RB

RF +

RF +

RA + RB

RF + RA + RB
LF +'LC + LB
LC+1B
LF +

LA + LB |
LF.+ LA + LB

n

(LF + LB)/LA
1+ D1

Vag ~ vbs + LB"x It

'-A2 X 1 - B2 x dt + Vps "~

Ve 7 Vhe
i

(Vd = Vc =
- |
3¢ * ¢

di

d1

di

, C
.RC 3 TC,+ LC X —qt

RB + RC + RC(LF + LB)/LA
RB - RA(LF + LB)/LA

LB + LC + LC(LF + LB)/LA

_.Cc
i + RB X 1c

Yes A

V -V

- Al x ic)/Bl
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-» F.ig._ F22 . The .eqqi_valemt vcir:cuit , of mode 3 .
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" The- correspond1ng equat1ons for the circuit shown in F1gn F21 can be
wr1tten as ’

vab’;

v

f-Q_
ot

O

a
o

bc

i

di_ di

A5‘x i+ B4 X _af'+ RB x 1CA+ LB X ar + v Vbs
' T di,_ ‘dia o

-A2 x 1 - B2 x _Ef'_ RB x 1 - LB X 4t +‘vbS -;vcs
_VC )

Vab

1c+ 1'a'

'(Vd.— D2 x (v + Ve ) + D1 X v St Vbt - A3 X 1c

X )/B3

- ~ di
‘ + v -
_(Vc Yes T Vas

2

3¢ X ic 

: . . C -'
+RCx 1 - RAX ‘a.fALC,X-fH¥')/LA |
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S

Finally, the'equations.for'the circuit shown in Fig.'F22,6an,be whitten

Vea

1}

n

di.

o ALy o
A5,X Ta ¥ B X g * Vag " Vbs
o di, 0

ATRB;X Ty - LB x faf'+=yb5-_ VC§

e dig
VcsV'"'vas’ LA'X v - RA x 'la_ )
Vab ,
a
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The preced1ng der1vation is based on the following assumpt1ons:

1. No commutat1on over]apo

A . i
2. The motor CEMF's (v Vps > v ) are pure sinusoidal
_vo]tage sources caused by the fundamenta] components

of the 1nput currents 1a’ 1b and 1c respectively.
, 3; The SCR s are cons1dered as ideal sw1tches

o The rema1n1ng prob]em is to determine the magnitude of the motor CEMF s.

, Based on. assumpt1on 3 Vas? vbs and Ve cs can be written as

Vas = Vpk sin (wt + 0y - 21/3)
t;»Ybs~=ankrSJn (mt:+ GA,t_Zn/3).ﬂ
and vCS ='Vpk,51" (ot +‘9A).

The derivationS'of vpk and‘eA are shown in the sequencedof figures starting
, from Fig. F23 through Fig. F25. '

A CSMP program has been deve1oped to simulate. the operat1on of modes 1-3
~ in order to study the peak voltage and time to complete commutation with a
‘given set of circuit parameters. The program ]1st1ng and results of th1s s1mu-
- lation are shown at the end of this append1x

S1nce steady state is assumed, initial conditfon and final states have to
be compared before a meaningful simulation can be judged. Some of the problems
- concerning the digital simulation are discussed in the following paragraph.

Since the operation of the CSI is highly dependent on load conditions, the .
simulation of the system cannot be separated into an inverter part and a motor
part as was done in the VSI analysis. The complexity of the system creates
problems for a straightforward simulation approach. It is desirable to study
the effects of power circuit- parameters without worrying about the closed-loop
control. However, since the CSI has a self-feedback characteristic, it has a
‘high ‘tendency of becom1ng unstable with open-loop simulation. Since the objec-
tive of the analysis in this phase is to study the response of the power circuit
for a set of parameters and load conditions, the closed-loop system will be
avoided. - The problem of instability is solved by se]ect1ng a proper set of
1n1t1a1 cond1t1ons for a few cycles of s1mu1at1on . ,

, Developed torque is a direct funct1on of currents. w1th the current source
1nverter, more direct control of the torque can be achieved. However, the six-

- step current waveform is generally emp]oyed Thus, the currents contain larger

harmonics than those of a PWM voltage source. T C A

Regenerat1ve capab111ty can be achieved w1thout much add1t1ona1 effort for
the CSI together with a phase controlled rectifier. However, this advantage
will be nullified if.it is applied to the diesel electric system, where it is
not possible ‘to feed power back into the ac source.
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, Due to the auto-sequential commutation characteristic of the ASCI, the
control circuit will be simpler than that of a PWM VSI. This consideration
does not include the increased difficulty in the design of a stable control
policy. o ,



106k CONTINUOUS SYSTEM MODELING PROGRAM%¥%%
%*3¥#3 YERSION 1,3 xs

TITLE COMMUTATION CHARACTERISTIC OF CSI-IM
INITIAL
PARAMETER RR=0.1732,RS550.3523,XMS=15.9276,XL5=0.6045,...
KK=(0.2,0.25,0.3,0.35,0.4,0.45),...
XLR=0.2512,FB%60.0,FE=60.0,VD=1500.0,RF=0.01,LF=500.0
CONSTANT PI=3.1415927,PI2=6.2631853,SGRT2=1.415927,...
SQRT3=1.7320508 )
INCON M1=1,M2=0,M3=0,1IA0=0,VC0=-2800.90
* COMPUTE LM,LS,LR
LM=XMS/(PI2%FB)
LS=XLS/(PI2%FB)
.. LR=XLR/(PI2%FB)
* ASSIGN MORE PARAMETERS
W=PI2*FE
ONE6=1.0/(6.0%FE)
$=0.05
HP=600.0
PHI=PI2/3.0
K=1,11
RA=RS
RB=RS
RC=RS
LA=LS
LB=LS
LC=LS
¥ COMPUTE VASGO,VBS0,VCSO
ZS=SQRT((RR/S) %52+ (N¥LR+Hx LM )*x2)
THETASSATAN(W*( LR+LM)%*S/RS)
ZM=kx%LM
THETAM=PIL/2.0
ZR=SART((RR/S)%2+(W¥[R }%x2)
THETAR=ATAN(W*LR*S/RR)
ZA=ZM*ZR/ZS
THETAASTHETAM+THETAR-THETAS
RAA=ZA%COS(THETAA)
WLA=ZAXSIN(THETAA)
ZT=SQRT{(RAA+RS %2+ (WL S+WHLA ) %*%2)
THETAT=ATAN( {W*LS+KLA)/(RAA+RS))
ICO=SGRT(HP¥746.0/(3.0%ZT*(1,0-S)*¥COS(THETAT) ) )*SQRT2/K
VPK=ZA%ICO
VASO=VPK*SIN(PHI-PI2/3,.0+THETAA)
VBS0=VPK%SIN(PHI+PI2/3.0+THETAA)
VCSO0=VPK*SIN(PHI+THETAA)
A1=RF +RC+RB
A2=RC+RB
A3=(RF+RB+RC+RCX(LF+LB)/LA)
A4=(RF+RB-RA*(LF+LB)}/LA)
A5=RA+RB :
A6=RF+RA+RB '
Bl=LF+LC+LB
B2=LC+LB
B3=(LF+LB+LC+LC*(LF+LB)/LA)
B4=LA+LB
B5=LF+LA+LB
DI=(LF+1B)/LA
D2=1.0+D1



0000C050
00300060
00000070
05000080

00000090

00000100
00000110
00000120
00000130
00000140
00000150
00000160
00008170
00000180
00000190
00000200
00000210
00000220
00000230
00000240
00000250
00000260
00000270
06000280
00000290
00000300
00000310
00000320
00000330
00000340
00000350
00000340
00000370
00000380
0000063990
00000400
00000610
00000420
00000430
00000440
00000450
00000460
00000470
00000480
00000490
00000500
00000510
00000520
00000530
00000540
00000550
00000550
00000570
00000580
00000590
00000600

AN



* DETERMINE C

C=-PIXICO/(12.0%LXVCO I¥KK

VD1=VCO+RC*ICO+VCSO0-VASO

IC=ICO

M1=1

M2=0

M3=0

*

*

DYNAMIC
NOSORT

IF(VD1.6T.1.0) GO TO 102

IF(IC.LT.0.0) GO TO 103

GO TO 101

102 Mi=0

M2=1

M3=0

G0 TO 101

103 Mli=0
M2=0
M3=1

101 CONTINUE

SORY

VAS=VPK*SIN(K{¥TIME+PHI-PI2/3.0+THETAA)

VBS=VPK*SIN(H¥TIME+PHI+PI2/3.04THETAA)

VCS=VPK¥SIN(W*TIHE+PHI+THETAA)

VDC=M1*{ Al*IC+Bl*ICDOT+VC+VCS-VBS)... .
+M2%{ AZXIC+B3IXICDOOT+A4%IA+D2%(VC+VCS)-D1%VAS-VBS). ..
+M3%( A6*TA+B5XIADOT +VAS-VBES)

VAB=M1%(VAS-VBS+LB*ICDOT+RB*IC). ..
+M22( AS*¥IA+B4®TADOT+RBXIC+LBXICDOT+VAS-VBS). ..
+M3I%(AS*IA+BGXIADOT+VAS~VBS)

VBC=M1%(-A2%IC-B2#ICDOT+VBS-VCS)...
+M2%( ~A2*¥IC-B2*ICDOT-RB*IA~LB*IADOT+VBS-VCS). ..
+M3%( ~-RB*IA~-LB*IADOT+VBS-VCS)

VCA=M1%(RC*IC+LC*ICDOT+VCS-VAS) ... -
+M2%{ -VC ) +M3%(VCS-VAS~LAXTADOT-RA%IA)

VI=M1%(YC-VBC)+M2¥VAB+M3:#VAB

VDI=M1%(VC+RC*IC+LC*ICOOT+VCS-VAS)

ID=MI*IC+M2#( TC+IA ) ¢M3*IA

TADOT=M2%( (VC+VCS-VAS+RCHIC~-RAXIA+LCXICDOT)I/LAY. ..

+M3%( (VD-VAS+VBS-A6X%IA)/B5)

ICDOT=M1%(VD-VC-VCS+VBS-AL*IC)/Bl...

+M2%(VD-02#(VC+VCS ) +D1%VAS+VBS- »W*Hn »p*H>v\mu

VCDOT=2.0%IC/(3.0%C)

IC=INTGRL(ICO,ICDOT)

IA=INTGRL(TIAO,IADOT)

YC=INTGRL{VCO,VCDOT)

*
*
TERMINAL
METHOD RKSFX
. TIMER DELT=1.0E-6,FINTIN=2,78E~3,0UTDEL=60.0E-6
PRTPLOT VBCINMI,M2,M3) -
PRTPLOT VAB(VAS,VBS,VCS)
PRTPLOT VI(ID,VYDC,M2)
PRTPLOT VC(IC,IA,M2) . .
PRTPLOT IC(ICDOT,IADOT,M2)
PRTPLOT VCA(VD1,KK) '
END

60000610
00000620
60000630
00000640
00000550
00000660
00000670
00000630
00000690
00000700
00000710
00000720
00000730
00000740
00000750
00000760
00000770
00000780
00000790
00000800
00000810
00000820
00000830
00000340
00000850
00000860
00000870
00000880
00000890
00000500
0000091¢
00000920
00000930
00000940
00000650
00000940
00000970
00000530
0060009%0

00001000

00001010
00001020
00001030
66001040
00001050
00001060
00001070
00001080
00001090
00001100
00601110
00001120
00001130
000011490
00001150
00001160
00001170
0C001180
00001190
00001200

ELL



%%% CSMP/360 SIMULATION DATA %x%x
TITLE COMMUTATION CHARACTERISTIC OF CSI-IM
PARAMETER RR=0.1732,RS=0.3523,XM5=15.9276,XL5=0.6045, ...
KK=(0.2,0.25,0.3,0.35,0.4,0.45),...
XLR=0.2512,FB=60.0,FE=60.0,VD=1500.0,RF=0.01,LF=500.0E-3
CONSTANT PI=3.1415927,PI226.2831853,5QRT2=1.415927, ...
SQRT3=1.7320508
IHCON M1=1,M2=0,M3=0,1A0=0,VC0=-2800.0
'METHOD RKSFX _
TIMER DELT=1.0E-6,FINTIM=2.78E-3,0UTDEL=60.0E-6
PRTPLOT VBCCHMI,M2,M3)
PRTPLOT VAB{VAS,VBS,VCS)
PRTPLOT VI(ID,VDC,M2)
PRTPLOT VC(IC,IA,M2)
PRTPLOT IC(ICDOT,IADOT,H2)
PRTPLOT VCA(VD1,KK)

END

TIMER VARIABLES
DELT = 1.0000E-06
DELMIN= 2.7800E-10
FINTIM= 2.7600E-03
PRDEL = 0.0
OUTDEL= 6.0000E-05

pLL



VARIABLE
veC
" VAB
\21
ve
IC
VCA

MINIMUM
-1.6370E+03
1.4656E+03
-1.1630E+03
~2.8000E+03
1.1262E-01
-3.5621E+03

PROBLEM DURATION 0.0

TO 2.7600E-03

MAXIMUM

2.7714E+02
3.2852E+03
3.2852E403
3.5736E+03
2.7825E+02
1.7145E+02

TIME

. 6.2900E-04

6.2500E-04%
6.2500E-04
2.7600E-03
1.9400E-04
0.0



Gl



TIME

6.0

6.0000E-05
1.2000E-04
1.8000E-04
2.4000E-04
3.0000E-04
3.6000E-04
4.2000E-~04%
4.8000E-04
5.4000E-04
6.0000E-04
6.6000E-04
7.2000E-04
7.8000E-04
8.4000E~-04
9.0000E-04
9.6000E-0%
1.0200E-03
1.0800E-03
1.1400E-03
1.2000E-03
1.2600E-03
1.3200E-03
1.3800E-03
1.4400E-03
1.5000E-03
1.5600E-03
1.6200E-03
1.6800E-03
1.7400E-03
1.8000E-03
1.8600E-03
1.9200E-03
1.9800E-03
2.0400E-03
2.1000E-03
2.1600E-03
2.2200€E-03
2.2800E-03
2.3400E-03
2.4000E-03
2.4600E-03
2.5200E-03
2.5800E-03
2.6400E-03
2.7000E-03
2.7600E-03

VBC
-1.6370E+03
~1.6149E+03
-1.5920E+03
-1.5683E+03
~1.3226E+03
-9.2783E+02
~5.6438E+02
-2.5030E+02
-6.7480E-01

1.7311E+02
2.6392E+02
-1.2933E+03
-1.2686E+03
-1.243GE+03
-1.2175E+03
-1.1911E+03
-1.1641E+03
-1.1366E+03
-1.1086E+03
-1.0800E+03
-1.0509E+03
-1.0214E+03
-9.9138E+02
-9.6090E+02
-9.2999E+02
-8.9864E+02
-8.6690E+02
-8.3476E+02
~8.0224E+02
~7.6937E402
~7.3616E+02
-7.0262E402
-6.6877E+02
-6.3463E+02
-6.0022E+02
-5.6556E+02
-5.3065E+02
~4.9554E+02
-4.6022E+02
-4.2471E+02
-3.8905E+02
-3.5323E+02
~3.1729E+02
-2.8124E+02
-2.4509E402
-2.0837E+02
~1.7259E+02

MINIHUM
-1.6370E+03

VERSUS TIME
2.0000E-01



PAGE 1

MAXIMUM
2.7714E+02

I Ml
1.0000€E+00
1.0000E+0Q
1.0000E+00
1.CO000E+0Q0

R

.

OO0V OODDO0OO0O0DOOODOCO0O0DO0ODOROOOOOOONOOO00O00ODOOO0O0O
PR o . . . P
D000 O0DO0OO0OCO0O0000O00D0000Q0O0Q0OOIOO0DO0OOOOCCO00O0ODO0OO0O0O0O0O0OCQC

0
o
0
0
1

1.0000E+00
1.0000E+00
1.0000E+00
1.0000E+00
1.0000E+00
1.0000E+00

. . e e e e & e s
OO0 COOQCOCOOODOQQO0O0O0OO00O00OCO0OD0O0O0000O0OO00CO0OOO0O

.

px 4

QOO0 O0OO0OO0O0OOW

Q0GE+QQ

000000000000

1.0000E+00
1.0000E+00
1.0000E+00
1.0000E+00
1.0000E+00
1.0G00E+00
1.0000E+00
1.00060E400
1.0000E+00
1.0000E+00
1.0000£400
1.0000E+00
1.00060E+00
1.00G0E+00
1.0030E+00
1.0000E+00
1.00C0E+00
1.0000E+00
1.0000E+C0
1.0000E+08
1.000CE+00
1.0000E+00
1.6030E+400
1.0000E+00
1.0000E+00
1.0000E+90
1.0C00E+02
1.0000E+00
1.0000E+400
1.0000E+00
1.0000E+GD
1.0000E+00
1.00CCE+GO
1.0030E+00

.0000E+00"

9Ll



TIME -
0.0
6.0000E-05
1.2000E-04
1.8000E-04
2.4000E-04

- 3.0000E-0%

3.6000E-04
4.2000E-04
%.8000E-04
5.4000E-04
6.0000E-04

6.6000E-04 "

7.2000E-04
7.8000E-04
8.4000E-04
9.0000E-04
9.6000E-04
1.0200E-03
1.0800E-03
1.1400E-03
1.2000E-03
1.2600E-03
1.3200E-03
1.3800E-03
1.4400E-03
1.5000E-03
1.5600E-03
1.6200E~03
1.6800E-03
1.7400E~-03
1.8000E-03
1.8600E-03
1.9200E-03
1.9800E-03

" 2.0400E-03

2.1000E-03
2.16C0E-03
2.2200E-03
2.28C0E-03
2.3400E-03

2.4000E-03-

2.4600E-03
2.5200E-03
2.5800E-03
2.6400E-03
2.7000E-03
2,7600E-03

. MINIMUM
-1.6370E+03

. vac

-1.6370E+03
-1.6166E+03
~1.5855E+03

--1.5736E+03

-1.550%E+03
-1.5276E+03
-1.3171E+03
-1.0503E+03
-7.9839E+02
~5.6930E+02
-3.7017E+02
-2.0691E+02

-8.6041E+01.

~4.5645E+00

3.0148E+01
-1.1913E+403
-1.1643E+03
-1.1368E+03
-1.1087€E+403
-=1.0802E+03
~1.0511E+03
-1.0215E+03
~9.9153E+02
-9.6105E+02

-9.3014E+02 .

-8.9879E402
-8.6705E+02
-8.3491E+02
-8.0239E+02
-7.6952E+02
-7.3631E+02
-7.0277E+02
-6.6892E+02
-6.3G78E+02
-6.0037E+02
-5.6571E+02

-5.3080E+02,

-4.9565E+02
=4.6037E+02
-4.2486E+02
-3.8920E+02
-3.5336E+402
S3.1764E402
-2.8139E+02

©-2.4524E+02

-2.0502E+02
-1.7274E+02

I
+
+

vec
KK

VERSUS TIME
= 3.0000E-01



PAGE 1

———

c———

Ml -

1.0000E+00
1.CO00E+0D
1.0000E+00
1.0000E+00
1.0000E+00
1.0000E+00

O O0O0OO0O0OQOQO0OO0OQCODO00QODOCOOVOLVOOODOO0OD0DO0OOOOODOOLODODOOO
P . . e e P . . . N . . . N
CO0QCOAQAOOO0000O000R0O0HO000QRQDO0DOOODR0OOODOOO0O0OC0O

.

1.0000E+00
1.0000E+00
1.0000E+00
1.06000E+00
1.0000E+00
1.0000E+00
1.0000E+00
1.0000E+00
1.0000E+00

R

QO0OO0O0O00O0CO0OO00O0O0D0DO0OOOLOOONLOOO0O0ODO0O0OOOO0OOO0O
. e . . . R
QOO 000000000000 ODOONDNDO0O0D0DO0O0OHBOHOOO

. .

e v 0.

.

<

OO0V O00O0COOOO0
. P . B . .
QOO0 0DOOOQOOUW

. . By

.

1.0000E+00

1.0000E+00-

1.0000E+00
1.0000E+00
1.0C00E+00
1.0000E+00
1.0000E+00
1.0000E+00
1.0000E+00
1.0000E+00
1.0000E+00

"1.0000E+00
©1.0000E+00

1.0000E+00
1.0000E+00
1.0000E+00
1.00C0E+02
1.00C0E+00
1.0000E+00
1.0000£+00
1.0000E+00
1.0000E+00
1.0000E+00
1.0000E+00
1.0000E+G0
1.0000€+00
1.0000E+00
1.C0J0E+00
1.00G0E+00
1.0000E+00
1.000CE+0CO
1.G0CCE+0D

AN



TIME
0.0
6.0000E-05
1.2000E-04

'1.8000E-04

2.4000E-04
3.0000E-04
3.6000E-04
4.2000E-04
4.8000E-04
5.4000E-04
6.0000E~04
6.6000E-04
7.2000E-04
7.8000E-04
8.4000E-04
9.0000E-04
9.6000E-04
1.0200E-03
1.0800€E-03
1.1400E-03
1.2000E-03
1.2600E~-03
1.3200E-03
1.3800E~03
1.4400E-03
1.5000E-03
1.5600E-03
1.6200€E-03
1.6800E~-03
1.7400E-03
1.8000€E-03
1.8600E-03
1.9200E-03
1.9800E-03
2.0400E-03
2.1000E-03
2.1600E-03
2.2200E-03
2.2800E-03
2.34600E-03
2.4000E-03
2.4600E-03
2.5200E-03
2.5800E-03
2.6400E-03
2.7000E-03
2.7600E-03

MINIMUM VBC
-1.6370E+03

vec

_1.6370E+03

-1.6175E+03
~1.5972E+03
-1.5762E+03
-1.5545€E+03
-1.5320E+03
-1.5088E+03
-1.4850E+03
-1.3085E+03
-1.1051E+03
-9.09%1E+02
-7.2751E+02
~-5.619%E+02
-4.1691E+02
-2.9524E+02
-1.9924E+02
~1.3046E+02
~8.9657E+01
-1.1089E+03
-1.0803E+03
-1.0512E+03
-1.0217E+03
-9.9165E+02
-9.6118E+02
~9.3026E+02

~8.9892E+02

-8.6717E+02
-8.3503E+02
-8.0252E+02
-7.6945E+02
~7.3643E+02
-7.0289E+02
-6.6904E+02
-6.3491E+02
-6.0050E+02
-5.6583E+02
-5.3093E+02
-4.9581E+02
-4.6049E+02

~4.249GE+02

-3.8932E+02
-3.5351E+02
-3.1756E+02
-2.8151E+02
-2.6535E+02
-2.0916€E402
-1.7287€+02

VERSUS TIME
KK = 4.0000E-01
I

+

+
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0 o e 0 e e

e d e ———

gy S S MG S
e e e —————

e e - e

M1
1.000CE+00
1.0000E+09
1.0600E+00
1.0003€E+00
1.0000E+00
1.0000E+00
1.0000E+CO
1.0000E+00

COQO0O0OOU0O00OHO0VCO0DOO0OO0OO0OO0DO0O0DDOONO0OOOOODOOOOOO
I I
CQOOO0OQO0OOLO0O0DOO0OCO0O00ODDOONO0ODOOO00OTOODOOOODO0O0O

X
8

. v e e e
OO0

OQ0O0OQOO0O0OO
.

1.0090E+00
1.00600E+GO
1.000CE+00
1.0000E+00
1.00060E+00
1.0000E+0G0
1.0000E+00
1.0000E+00
1.0000E+00
1.0000E+00

CO0OOQ0O0OO0QO0O0CDO00O0O00QCO0DCODOODOLDOLOOODOO
DI L I T T
COO0OO0COOOO0O0O0O0O0O0DO0O0OO0O0O0DOO0OO0OD0DO0O0OO0OOCOO

COO0O00O00O0O0O0OO0OO0OLOOO
. AR 4
OO0 O0OO0O0O0O0COOO0ODOO0OOOCOO W

1.0000E+00
1.0000E+00
1.0000E+00
1.0000E+00
1.0030E400
1.0000E+400
1.0000E+00
1.0000E+00
1.0000E+00
1.0000E+00
1.0000E+00
1.0000€+00
1.0600E+50
1.00C0E+00
1.0000E+00
1.0000E+090
1.0000E+00
1.0000E+00
1.0000E+00
1.0000E+00
1.6600E+00
1.00G60E+0CC
1.0000E+0C
1.0000E+00
1.0000E+00
1.0600E+G0
1.CO00E+00
1.0000E+60
1.0000E409

gLt



MINIMUM

VERSUS TIME

1.4656E+03 2.0000E-01
TIME VAB :
0.0 1.46B6E+03
6.0000E-05 1.4822E+03
1.2000E-04 1.4982E+03
1.8000E-06 . 1.5136E+03 -+
2.4000E-04 1.7512E403  ~---—-- +
3.0000E-04 2.138GE+403  ~e--emmmmmmeceeeoo +
3.6000E-04 2.4830E+03  ~----mmmmece e +
4.2000E~-04 2.7973E+03 e et i

4.8000E-06  3.0364E+03  —mm-=—m-mmmmmemccm e mm e e e
5.4000E~04  3.1988E+03  ==e-=-——momccmeomcemmm e m e
6.0000E-04  3.2777E403  —meomm—mmmsmmm e

6.6000E-04  1.7229E+03  =---wm- +
7.2000E-04 1.7337E403 =--mmm- +
7.8000E-04 1.7637E403  ——mome- +
8.4000E-04 1.7529E403  ~=-====+
9.0000E-04 1.7613E403  —cmme-w- +
9.6000E-04 1.7690E403  =em=n- —
1.0200E-03 1.7758E403  —=meme-e- +
1.0800€-03 1.7818E403  —w==noe- ‘.
1.1400€-03  1.7870E+403  ——-=—=m- +
1.2000E-03  1.7914E+03  ———c=em- +
1.2600E-03 1.7950E403  —=m~=—mn- *
1.3200E-03  1.7978£403  —=—-==wm- §
1.3600E<03  1.79G8E+03  ——w-=cce= +
1.4400E-03  1.8009E+03  ———=--—mm +
1.5000E-03  1.8012E403 ~——---ev +
1.5600-03  1.8007E+03 ———-~-we- +
1.6200E-03  1.7994E+03  ~==--mmme +
1.6800E-03  1.7973E403  ——-m—==u- +
1.7400E-03  1.7944E+03  w-o-eem- +
1.8000E-03 1.7906E403  —wemonee +
1.8600E-03 1.7860E403  ~=-=wm=n +
1.9200E-03  1.7807E+03  —=====ox +
1.9800E-03 1.7745E403  c====eem +
2.0400E-03  1.7675E403  -i-eeee- +
2.1000E-03  1.7597E+403  —--=-oe- +
2.1600E-03 1.7511E403  ——vm-em +
"2.2200E-03  1.7418E+403  —--=--e +
2.2800E-03  1.7316E+03  -=-e-- +
2.3400E-03  1.7207E403 ————--- +
2.4000E-03  1.7090E+03  —-——-- +
2.4600E-03  1,6G65E403  ~-=wm- +
2.5200E-03  1.6832E403  ———o +
2.5800E-03 1.6692E403  —==== +
2.64%00E-03 1.6545E403  =~--=+
2.7000E-03 1.6390E403  ~—==+

2.7600E-03 1.6227E+Q3 ———



PAGE 1

MAXIMUM
3.2852E+03
I

VAS

4.3137E+02
4.46986E+02
4.6811E+02
4.8613E+02
5.0390E+02
5.2141E+02
5.3866E402
5.5563E+02
5.7231E+02
5.8571E+02
6.0480E+402
6.2058E4+02
6.3604E+02
6.5118E+02
6.6599E402
6.8045E+02
6.9457E+02
7.0833E402
7.2173E+02
7.3476E+02
7.4741E+02
7.5%68E+02
7.7157E+02
7.8305E+02
7.9414E+02
8.0482E+02
8.1509E+02
8.249GE+02
8.3437E+02
8.4338E+0Q2
8.5195E+02
8.6009E+02
8.6778E+02
8.7503E+02
8.8184E+02
8.881%E+02
8.9409E+02
8.9953E402
9.0451E+02
9.0503E+02
9.1308E+02
9.1667E+02
9.1979E+02
9.2243E+02
9.2461E+02
9.2631E+02
9.2754E+402

vVBS -
-9.2781€+02

-9.2842€E+02 -

-6.2856E+02
-9.2822E+02
~9.2741E+02
-3.2612E+02
~9.2636E+02
-9.2213E+02
~9.1542E+02
~9.1625E+02
~9.1260E+02
-9.084GE+02
~9.0391E+02
-8.9888E+02
-8.9338E+402
-8.8742E+02
-8.8101E+02
-8.74615E+02
-8.6684E+02
-8.5909E+02
-8.5090E+02
-8.4227E+02
-8.3322E+02
-8.2373E+02
-8.1383E402
-8.0351E+02
~7.9278E+02
~7.8164E+02
-7.7010E+02
-7.5817E+02
-7.4585E+02
-7.3315E+02
-7.2607E+02
~7.0663E+02
-6.9282E+02
~6.76665+02
-6.6415E+02
-6.4930E+02
~6.34612E+02
-6.1862E+02
-6.0280E+02
-5.8667E+02
-5.7024E+02
-5.5352E402
-5.3651E+02
-5.1524E+02
-5.0163E+02

. VCs

4.9594E+02

&.7857E+02
4.6045E+02
§.4209E+02

4.2351E402 .

4.0471E+02
3.8570€+02
3.6650E+02
3.4711E+02
3

.275%E+02

3.0781E+02
2.8791E+02
2.6787E+02
2.4769E+02
2.2739E+02
2.0697E+02

1.8644E+02

1.6582E+02
1.4511E402
1.26433E+02
1.0345E+02
8,2591E+01
6.1651E401
4.06530E+01
1.9688E+01
-1.3154£+00
~2.2317E+01
-4.3307E+01
-6.4275E+01
~-8.5210E+01
-1.0610E+02
-1.2694E+02
-1.4771E+02
-1.6841E+62
-1.8%02E402
-2,0953E+02
-2.2954E+02
-2.5023E+02
-2.7039E402
-2.9041E+02
~3.1029E+02
-3.3000E+02
~3.4$55E402
-3.6892E402
-3.88069E+02
-4, 0708E+02
-4 ,2585E4+02

6LL



TIME
6.0
6.0000E-05
1.2000E-04

*1.8000E-04

2.4000E-04
3.0000E-04
3.6000E-04
4.2000E-04
4.80G0E-04
5.4000E-04
6.0000E-04
6.6000E-04
7.2000E-04
7.8000E-04
8.4000E-04
9.0000E-04
9.6000E-04
1.0200E-03
1.0800E-03
1.1400E-03
1.2000£-03
1.2600E-03
1.3200E~-03
1.3800E-03
1.4400E-03
1.5000E-03
1.5600E-03
1.6200E-03
1.6800E-03
1.7400E-03
1.8000E-03
1.8600E-03
1.9200E-03
1.9800E-03
2.0400E-03
2.1000E-03
2.1600€-03
2.2200E~-03
2.2800E-03
2.3400E-03
2.4000E-03
2.4600E-03
2.5200€E-03
2.5800E-03
2.6400E-03
2.7000E-03
2.7600E-03

1
VAB

1.4656E+03
1.4831E+03
1.4599E+03
1.5160E+03
1.5313E+03
1.5459E+403
1.7480E+03
2.0055E+03
2.26469E403
2.4642E+03
2.6505E+03
2.7998E+03
2.9078E+03
2.9713E+03
2.9892E+03
1.7616E+03
1.7693E+03
1.7761E+03
1.7821E+03
1.7873E+03
1.7917E+03
1.7953E+03
1.7981E+03
1.8001E+03
1.8012E+03
1.8015E+03
1.8010E+03
1.7997E+03

. 1.7976E+03

1.7947E403
1.7909€+03
1.7863E+03
1.7810E403
1.7748E403
1.7678E+03
1.7600E+03
1.7514E+03
1.7421E+03
1.7315E+03
1.7210E+03
1.7093E+03
1.6968E+03
1,6835E+03
1.6695E403
1.6548E+03
1.6393E+403
1.6230E+03

MINIMUM VAB VERSUS TIME
.46§6E+03 KK = 3.0000E-01
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PAGE 1

-+

MAXIMUM
3.2852E+03
I

VAS

6.3137E402 -9,2781E+02

%.4%86E+02
¢.6811E+02
4.8613E+02
5.0390E+02
5.2141E+02
5.3866E+02
5.5563E+02
5.7231E+02
5.8871E+02

'6.0480E+02

6.2058E+02
6.3604E+402
6.5118E+02
6.6559E+02
6.80%5E+02
6.9457E+02
7.0833E+02
7.2173E+02
7.3476E+02
7.6741E+02
7.5958E+02
7.7157E+02
7.8305E+02
7.9414E+02
8.0482E+02
8.15009E+02
8.2494E+02
8.3437E+02
8.4338E+02
8.5165E+02
8.6009E+02
8.6778E+02
8.7503E+02
8.8184E+02

'8.8819E+02

8.9409E+02
8.9G953E+02
3.0651E+02
9.0903E+02
9.1308E+02
9.1667E+02
9.197%E+402
9.22643E402
S.2461E+402
9.2631E+02
9.2754E+02

VBS

-9.2842E+02
-9.2855E+02

-9.2822E+02
-9.2741E+02
-9.2612E+02 .

-9.2435E+02
-9.2213E+02
-9.1542E+02
-9.15625E+02
-9.1260E+02
-9.0849E+02
-9.03591E+02
-8.9838E+02
-8.9338E+02
-8.8742E+02
-8:8101E+02
~-8.7415E+02
-8.6684E+402
-8.5909E+02
-8.5090E+02
-8.4227€+02
-8.3322E+02
-8.2373E+402
-8.1383E402
-8.0351E+02
~7.9278E+02
-7.8164E+02
-7.7010E+02
-7.5517E+02
-7.4585E+402
-7.3315€402
-7.2007€+02
-7.0663E+02
~6.9282E+02
-6.7866E+02
-6.6415E402
-6 .4930E+02
-6.3412E+02

-6.1862E+02

-6.0280E+02
-5.8667E+02
-5.7026E+02
-5.5352E+02
~5.3651E+02
-5.1924E+02
-5.0169E+02

vCs
4. 9644E4+02
4.7857E+02
4.6045E502
4.4209E+02
4.2351E+402
4,0671E+02
3.8570E+02
3.6650E+02
3.4711E+02
3.2754E+02
3.0781E5402
2.8791€402
2.6787E+02
2.4769E+02
2.2739€E402
2.0697E+062
1.86G4E+02
1.6582E+02
1.4511E402
1.2433E+02
1.0349E+02
8.2591E+01
6.1651E+01
4.0680E+01
1.9688E+01
-1.3154E+00
-2.2317E+01
~4.3307E+01
-6.4275E+401
~8.5210E+01
-1.0610E+02
-1.2694E+02
-1.6771E+02
-1.6841E+02
-1.8502E+02
-2.0853E+02
-2.29%%E+02
-2.5023E+02
-2.7039E+02
-2.5041E402
~3.1829E+02
-3.3000E+02
~3.4855€6+02
-3.6892E+02
~3.880%E+02
~4,0708E+02
~6,2585E+02

0cl
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20+35052 b~
20+38020° b~
20436089°¢-
20+32689° ¢~
20+3566H°¢~
204+30008°¢~
20+35201° €~
20+3THCH 2~
204368622~
20+3£208°2-
20+3%562° 2~
20+3€560° 2~
20432068 1~
20+3TH89° 1~
20431445 1~
20+35692° 1~
20+30190° 1~
10+430125° 8~
10435/2%°9-
10+320€E " b~
104321€0°2-
00+3H518° I~
10438896° 1

10+30090°%

10+431691°9

10+31652°9

204364501

20+38EH2° T

2043116671

20432859° 1T
2043959871

20432690°2

1 20+36842°2

2043694672
20+3L8L9°2
c0+316L8°2
20+318/0°¢%

20+3%9L2¢€

204311267 €
20+30599°¢€
20+30:69°€
204314406
20+31552°%
20+36026" 4
204355094
204326327
2043495957 %
SIA

20+26970°5-
204352516~
20+3165¢° 6~
20+326985° G-
204352027 §-
20+32999°6-
20+430920° 9-
20+32991°9-
2043215g° 9~
20+43056%°9-
20+435149°9-
204399927 9~
2043292679~
2043599072~
2043£00274-
20+351€€° 4~
20+3665h° L~

20+43L18G° L.

20+430T0L" 4~
20435918 L~
204304264~
20431508~
20+3€9€1° 8-
20435462 8-
20432258~
2043L229°9-
2043060579~
204360659~
2043589979~
20+3STHL @~
20+310719° 8-
20+325.9° 8-
20+395€6° Q-
20435986 8-
20431506~
20436980 6~
204309216~
204392916~
20+32561°6~
204361226~
20+39£H2°6~
204321926~
2043152276~
204322926~
20439592°6-
20+32982°6-
20431922°6-
SgA

20+3H5L2°6
20431€92°6
204319426
20+3EH22°6
2043646176
2043299176
20+380€1°6
20+3€060°6
2043165076
20+3£566°Q
20+36096°Q
20+35189°¢
20+3%81¢°¢
20+3£06L°9
20438429°9
20+35009°¢
20+35615°8
20+30EEH "9
204329579
2043%692°8
204360519
20+328%0°¢Q
2043HI96°L
204250£8°L
20432512°2L
20+38969°L
20+3T0LH°L
20439445 L
20+3€L72°¢L
2043££80° L
20+43L646°9
2043550879
20+36659°9
20+30115°9
2043509€°9
20+39502°9
20+30840°9
204372895
20+31€2L°G
20+43£965°5
20439995°§
204+31912°§
20+306£0°9
20+3E198° 4
204371899
20439864 H
20+3L81E°p
SVA

I

£0+32582°
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10-30000°% = b
ANIL SNSHU3A gYA

£0+3££29°1
£0+355£9°1
£0+30559°1
£0+38699°1
£0+39£99" 1
€0+30L69°1
£0+3560L° 1
£0+32124°1
£0+322€4°1
£0+3£25L° 1
£0+43£16L° 1
£0+3£09L° T
£0+43189L° 1
£0+30624°1
£0+432182°1
£043999L°1
£0+43216L° 1
£0+3696L" 1
£0+36L46L° 1
£0+30008" 1
£0+43£708° 1
£0+38108° 1
£0+35109° T
£0+35008° T
£0+35864° 1
€£0439G66L° 1
£0+30254°1
£0+39L8L° 1
£0+3929L° 1
£0+3/518°2
£0+439€6£°2
€0+36HHL°2
£0+32£99°2
£0439€95°2
£0+305£5°2
£0+39582°2
£0+35911°2
£0+30556° 1
£0+30262° 1
£0+356£5°1
£0+435295° 1
£0+431855° 1
£0+31£€5°1
£0+43££15°1
£0+38005° 1
£0+36€8%° 1
£0+3959%° 1

avA

£0+439595°1
WNWININ

£0-3009L°2
£0~3000L°2
£0-30069°2
£0-30085°2
£0-30025°2
£0-3009%°2
€0-3000%°2
£0-3005¢°2
£0+30083°2
£0-30022°2
£0-30091°2
£0-30001°2
£0-300H0°2
£0~-30096° 1
£0-30026°1
£0-30098°1
£0-30008° 1
€0-300HL°1
£0-30089°1
€0-30029°1
€0-30095°1
£0-3000S°1
£0-300b%°1
£0-3000¢°1
£0-3003€°1
€0-30092°1
£0-30002°1
€£0-300%1°1
€0-30080°1
£0-30020°1
$0-30009°6
£0-30000°6
$0-3000%°Q
$0-30008°4
$0-30002°4
$0-30009°9
$0-30000°9
$0-3000%°9
£0-30008° %
$0-30002°%
H0-30009°¢
$0-30000°¢
$0-2000%"¢
$0-30008°1
$0-30002°1

'60-30000°9

0°0
INIL



TIME

0.0

6.0000E-05
1.2000E-0%
1.8000E-04
2.4000E-04
3.0000E-04
3.6000E~-04
4.2000E-04
4.8000E-04
5.4000E~-04
6.0000E-04
6.6000E~04
7.2000E~04
7.8000E-04
8.4000E-04%
9.0000E-04
9.60Q0E-04
1.0200E-03

©1.0800E-03

1.1400E-03
1.2000E-03
1.2600E-03
1.3200E-03
1.3800E-03
1.4400E-03
1.5000E-03
1.5600E-03
1.6200E-03

- 1.6800E-03

1.7400E-03
1.8000E-03
1.86C00E-03
1.9200E-03
1.9800€E-03
2.0400E-03
2.1000E-03
2.1600E-03
2.2200E-03
2.2800E-03
2.3400E-03
2.4000E-03
2.4600E-03
2.5200E~-03
2.5800E-03
2.6400E-03
2.7000E~03
2.7600E-03

MINIMUM VI
~1.1630E+03

VI
~1.1630E+03
~3.7629E+02

4.0626E+02
1.1904E+03
1.7512E+03
2.1384E+03
2.4930E+03
2.7973E+03
3.0364E+03
3.1986E+03
3.2777E+03
1.7229E+03
1.7337E+03
1.7437E+03
1.7529€+03
1.7613E+403
‘1.7690E+03
1.7758E+403
1.7818E+03
1.7870E+03
1.7914E+03
1.7950E+03
1.7978E+03
1.7998E+03
1.8009E+03
1.8012E+03
1.8007E+03
1.7994E+03
1.7973E+03
1.7944E+03
1.7906E+03
1.7860E+03
1.7807E+03
1.7745E+03
1.7675E+03
1.7597E+03
1.7511E+03
1.7418E+03
1.7316E+03
1.7207E+03
1.7090E+03
1.6955E+03
1.6832E+03
1.6692E+03
1.6545E+03
1.6352E+03
1.6227E+03

PAGE 1

VERSUS TIME
KK = 2.0000E-01

MAXIMUM
3.2852E+03

ID
2.7773E+02
2.7800E+02
2.7817E+02
2.7824E+02
2.7824E+02
2.7818E+02
2.7807€E+02
2.7794E+02
2.7776E+02
2.7757E+02
2.7736E+02

2.7712E+02

2.7709E+02
2.7706E+02
2.7703E+02
2.7698E+02
2.7654E+02
2.7690E+02
2.7685E+02
2.7681E+02
2.7676E+02
2.7672E+02
2.7668E+02
2.7663E+02
2.7659E+02
2.7654E+02
2.7650E+02
2.7646E+02
2.7641E402
2,7637E+02
2.7633E+02
2.7628E+02
2.762¢E+02
2.7615E+02
2.7615E+02
2.7611E+02
2.7606E+02
2.76063E+02
2.7600E+02
2.7597E+02
2.7594E+02
2.7591E+02
2.7588E+02
2.7585E+02
2.7582E+02
2.7575E+02
2.7577E+02

vbC
1.5000E+03
1.5000€+03

1.5300E+03.

1.50C0E+03
1.5002E+03
1.5002E+03
1.5002E+03
1.5002E+03
1.50C2E+03
1.5002€+403
1.5002E+03
1.5000E+03
1.5000E+03
1.5000E+03
1.5000£+03
1.500CE+03
1.5000E+03
1.5000E+03
1.5000E+03
1.500CE+03

‘1.5000c+03

1.5000E+03
1.5C00E+03
1.5000E+03
1.5000E+03
1.5000E+03
1.5000E+C3
1.50030€E+03
1.500CGE+03
1.5000E+03
1.500CE+G3
1.5000E+03
1.5000E+03
1.5000E+03
1.5000E+403
1.5000E+03
1.5000E+03
1.5000E+03
1.50300E+03
1.5000E+403
1.50CCE+03
1.5C00E+03
1.5300E+03
1.5G600c+03
1.5000E+03
1.5000E+93
1.5000E+03

(=3~ 3 =2 = BN
oooornr

1.0000E+30
1.0000E+00
1.0030E+00
1.00C0E+00
1.0000E+00
1.000CE+00
1.0000E+00

OO0 OO0OCO0O0DO0DO0COOO0DOLDOOO0OOO0OCODO0OO0OO0O0OO0OCOODOO
R PR P NN P « v
OO0 O0O0O0O00COO0O0DO0D0O0O0OO0CO0OO0ODOUNO0O0DLDOOOOOOLOOOODOOOOO
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TIME

0.0

6.0000E-05
1.2000E-04%
1.8000E-04
2.4000E-04
3.0000E-04
3.6000E-04
4.2000E-04
%.8000E-04
5.4000E-04
6.0000E-04
6.6000E-04
- 7.2000E-04
7.8000E-04%
8.4000E-06
9.0000E-04
9.6000E-04%
1.0200€E-03
1.0800E-03
1.1400E-03
1.2000E-03
1.2600E-03
1.3200E-03
1.38Q0E-03
1.4400E-03
1.5000E-03
1.5600E-03
1.6200E-03
1.6800E-03
1.7400E-03
1.8000E~03
1.8600E-03
1.9200E-03
1.9800E-03
2.0400E-03
2.1000E-03
2.1600E-03
2.2200E-03
2.2800E-03
2.3400E-03
2.4000E-03
2.4600E-03
2.5200E-03
2.5800E-03
2.6400E-03
2.7000E-03
2.7600E-03

MINIMUM
-1.1630E+03

vI
~1.1630E+03
~7.791CE+02
~3.9556E+02
-1.2647E401

3.701GE+02
7.522GE+02
1.1338E+03
1.5147E+03
1.7420E+03
1.93G40E+03
2.1164E+03
2.2848E+03
2.4350E403
2.5636E+03
2.6677E+03
2.74G9E+03
2.7938E+03
2.8137E+03
1.7824E4+03
1,7876E+03
1.7920E+03
1.7956E+03
1.7984E+03
1.8003E+03
1.8015E+03
1.8018E+03
1.8013E+03
1.8000E+03
1.7979E+03
1.7949E+03
1.7912E+03
1.7866E+03
1.7812E+03
1.7750E+03
1.7681E+03
1.7603E+03
1.7517E+03
1.7623E+03
1.7322E+03
1.7212E+03
1.70G5E+03
1.6970E+03
1.6838E+03
1.66938E+03
1.6550E+03
1.6355E+03
1.6233E+03

VERSUS TIME

4.0000E-01

10

2.7773E+02
2.7802E+02
2.7826E+02
2.7846E+02
2.7861E+02
2.7872E+02
2.7878E+02
2.7879E+02
2.7877€402
2.76872E+02

2.7865E+02
- 2.7856E+02

2.7846E+02
2.7634E+02
2.7820E+02
2.7806E+02
2.7790E+02
2.7774E402
2.7764E+02

2.7760E+02 .

2.7755€+02
2.7751E+02
2.7746E+02
2.7742E+02
2.7738E402
2.7733E+02
2.772%9E+02
2.7724E+02
2.7720E+02
2.7716E+02
2.7711E+02
2.7707E+02
2.7702E+02
2.7698E+02
2.7695E+02
2.768GE+02
2.7685E+02
2.7681E+02
2.767SE+02
2.7676E+02
2.7673E+02
2.7670E+02
2.7667E+02
2.766GE+02
2.7661E+02
2.7658E+02
2.7655E+02

vDC

1.5000E+03
1.5000E+03
1.5000E+03
1.5000E+03
1.5000E+03
1.5000E+03
1.5000E+03
1.5000E+03
1.5001E+03
1.5002E403
1.5002E303
1.5002E+03
1.5002E403
1.5002E+03
1.5002E+03
1.5002E+03

1.5001E+03

1.5002E+03
1.5000£+03
1.5000E+03
1.5000E+03
1.5000E+03
1.5000E+03
1.5000E+03
1.5000E+03
1.5000E+03
1.5000E+03
1.5000E+03
1.5000E+03
1.5000E+03
1.5000E+03
1.5000E+03
1.5000E+03
1.5000E+03
1.5000E+83
1.5000E+03
1.5000E+03
1.5000E+03
1.5000E+03
1.5000E+03
1.5000£403
1.5000E+03
1.5000E+03
1.5000E+03
1.5000E+03
1.5000E+03
1.5000E+03
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1.0000E+00
1.0000€E+00
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TIME

0.0
6.0000E-05
1.2000E-04
1.8000E-04
2.4000E-04
3.0000E-04
3.6000E-04
4.2000E-04
4.8000E-04
5.4000E-04
6.0000E-06
6.6000E-04
7.2000E-04
7.8000E-06
8.4000E-064
9.0000E-06
9.6000E-04
1.0200E-03
1.0800E-03
1.1400E-03
1.2000E-03
1.2600E-03
1.3200E-03
1.3800E-03
1.4400E-03
1.5000E-03
1.5600E-03
1.6200€-03
1.6800E-03
1.7600E-03
1.8000E-03
1.8600E-03
1.9200E-03
1.9800E-03
2.0400E-03
2.1000E-03
2.1600E-03
2.2200E-03
2.2800E-03
2.3400E-03
2.4000E-03
2.4600E-03
2.5200E-03
2.5800E-03
2.6400E-03
2.7000E-03
2.7600E-03

MINIMUM Y~
~2.8000E+03

Ve
-2.8000E+03
-1.9932E+03
~-1.1857E403
-3.7794E+02

%.2859E+02
1.2165E+03
1.9286E+03
2.5470E+03
3.0357E+03
3.3720E+03
3.5417E+03
3.5623E+03
3.5626E+03
3.5625E+03
3.5633E+03
3.5636E+03
3.5639E+03
3.5642E+03
3.5645E+03
3.5645E+03
3.5652E+03
3.5655E+03
3.5658E+03
3.5662E+03
3.5665E+03
3.5668E+03
3.5671E+03
3.5674E+03
3.5678E+03
3,5681E+03
3.5684E+03
3.5687E+03
3.5691E403
3.5694E+03
3.5697E+03
3.5700E+03
3.5703E+03
3.5707E+03
3.5710E403
3.5713E+03
3.5716E+03
3.5720E+03
3.5723E403
3.5726E+03
3.5729E4+03
3.5732E+03
3.5736E+03
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MAXTIMUM
3.5736E+03

1C
2.7773E+02
2.7800E+02
2.7817E+02
2.782G4E+02
2.7582E+02
2.6051E+02
2.3206E+02
1.9217€+02
1.64313E+02
8.7689E+01
2.8924E+01
1.1262E-01
1.1262€-01
1.1262E~01
1.1262E-01
1.1262€E-01
1.1262€E-01
1.1262€-01
1.1262E-01
1.1262€-01
1.1262E-01
1.1262E-01
1.1262E-01
1.1262E-01
1.1262E-01
1.1262E-01
1.1262€-01
1.1262E-01
1.1262E-01
1.1262E-01
1.1262E-01
1.1262E-01
1.1262€E-01
1.1262E-01
1.1262E-01
1.1262E-01
1.1262E-01
1.1262E-01
1.1262E-01
1.1262E-01
1.1262E-01
1.1262E-01
1.1262E-01
1.1262E-01
1.1262E~01
1.1262E-01
1.1262E-01

e

{1 PO OOO P

13GE+00
7662E+01
4.6012E+01
8.5766E+01
1.3464E+02
1.8988E+02
2.4843E+02
2.77128+02
2.7709E+02
2.7706E+02
2.7703E402
2.7698E+02
2.7694E+02
2.7690E+02
2.7685E402
2.7681E+02
2.76762+02
2.7672E+02
2.7668E+02
2.7663E+02
2.7659E+02
2.7654E402
2.7650E+02
2.7646E+02
2.7641E402
2.7637E+402
2.7633E+02
2.7628E+02
2.7624E+02
2.7619E+02
2.7615E+02
2.7611E+02
2.7606E+02
2.7603E+02
2.7600E+402
2.7597E+02
2.7594E+02
2.759LE402
2.7583E+02
2.7585E+02
2.7582E+02
2.7579€+02
2.7577E+02

0.
0.
0.
c.
2.
1.

M2

(===
(===

1.00G0E+00
1.0300E+00
1.0000E+00
1.0000E+00
1.0G00E+00
1.0C00E+00
1.0000E+00

L S S T

OO0 O0CO0O0O0OO0DOCHOODO00O0O0O00CCO0OO0OO0DOOOOOOO
D T S S A )
CCQCOO0OOO0OQOO0OOOAQOOCOODOOLOLOOOO F D0 O0O00QOOO0OO0O0OQ

gcl



TIHE

6.0

6.0000E-05
1.2000E-04
1.8000E-04
2.4000E-04
3.0000E-04
3.6000E-04
4.2000E-04
4.8000E-04
5.4000E-04%
6.0000E-04
6.6000E-04
7.2000E-04
7.8000E-04
8.4000E-04
9.0000E-04
9.6000E-04%
1.0200E-03
1.0800E-03
1.140GE-03
1.2000E-03
1.2600E-03
1.3200E-03
1.3800E-03
1.4400E-03
1.5000E-03
1.5600E-03
1.6200E-03
1.6800E-03
1.7400E-03
1.8000€E-03
1.8600E-03
1.9200E-03
1.9800E-03
2.0400E-03
2.1000E-03
2.1600E-03
2.2200E-03
2.2800E-03
2.3400E-03
2.4000E-03
2.4600E-03
2.5200E-03
2.5800E-03
2.6600€-03
2.7000E-03
2.7600E-03

MHINIMUM
-2.8000E+03

vC
~2.8000E+03
-2.2621E+03
-1.7237E+03
-1.1850E+03
-5 .6603E+02
-1.0693E+02
4.3090E+02
9.5516E+02
1.4G85E+03
1.8945E+03
2.2803E+03
2.5929E+03
2.8237E+03
2.9668E+03
3.0193E+03
3.0196E+03
3.0196E+03
3.0196E+03
3.0196E+03
3.0195E+03
3.0195E+03
3.0195E+03
3.0195E403
3,0195E+03
3.0195E+03
3.0195E+03
3.0194E+03
3.0154E+03
3.0194E+03
3.01946E403

3.0154E+03.

3.0194E+03
3.0194E+03
3.0193E+03
3.0193E+03

3.0193E+03"

3.0193E+03
3.0193E+03
3.0193E+03
3.0192E+03

3.0192E+03°

3.0192E+03
3.0192E+03
3.0192E+03
3.0132E+03
3.0192E+03
3.0191E+03

VERSUS TIME

3.5736E+03

IcC
2.7773E+02
2.7801E+02
2.7823E+02
2.7839E+02
2.7848E+02
2.7852E+02
2.7587E+02
2.6630E+02
2.4407E+02
2.1600E+02
1.8120E+02
1.4101E+02
9.6963E+01

5.0624E+01

3.7462E+00
-5.3638E-03
-5.3638E-03
-5.3638€E-03
~-5.3638E-03
-5.3638E-03
-5.3638E-03
-5.3638E-03
-5.3638E-03
-5.3638E-03
-5.3638E~03
~5.3638E-03
-5.3638E-03
-5.3638E-03
-5.3638E-03
-5.3638E-03
-5.3638E-03
-5.3633E-03
-5.3638E-03
-5.3638E-03
-5.3638E-03
-5.3638E-03
~5.3638E-03
~5.3638E-03
-5.3638E~03
-5.3638E-03
-5.3638E-03
-5.3638E-03
-5.3638E-03
-5.3638E-03
-5.36388-03
-5.3638E-03
-5.3633E-03

0
0
0
-0
0
0
2
1

IA

283E+00
151€E+01
3.4297E+01
6.22635+01
9.6931E+01
1.3697E+02
1.8083E+02
2.2702E+02
2.7372E+02
2.7741E4+02
2.7737E+02
2.7733E+02
2.7728E+02
2.7724E+02
2.7719E+02
2.7715E+402
2.7711E+402
2.7706E+02
2.7702E+02
2.7697E402
2.7693£+02
2.7689E+02
2.7634E+402
2.7680E+02

.0
.0
.0
.0
.0
.0
.6
.G

2.7675E+02

2.7671E+02
2.7667E+02
2.7662E+02
2.7¢58E+02
2.7553E+02
2.7649E+02
2.7666E+02
2.7663E402
2.7640E+02
2.7637E+02
2.763G6E+02
2.7631E+02
2.7628E+02
2.7685E+02
2.7622E+02
2.7620E+02
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.0000E+00
.0000E+00
1.0000E+00
1.00C0Z+00
1.0000E+00
1.0000E+00
1.0000E+00
1.0000E+00
1.0000E+00
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TINE
0.0
6.0000E-05
1.2000E-04
1.8000E-04
2.4000E-04
3.0000E-04
3.6000E-04
4.2000E-04
4.8000E-04
5.4000E-04
6.0000E-0%
6.6000E-04
7.2000E-04
7.8000E-04
8.4000E-04
9.0000E-04
9.6000E-04
1.0200E-03
1.0800E-03
1.1400E-03
1.2000€E-03
1.2600E-03
1.3200E-03
1.3800E-03
1.4400E-03
1.5000E-03
1.5600E-03
1.6200E-03
1.6800E-03
1.7400E-03
1.8000E-03
1.8600E-03
1.9200E-03
1.9800E-03
2.0400E-03
2.1000E-03
2.1600E-03
2.2200E-03
2.2800E-03
2.3400E-03
2.4000E-03
2.4600E-03
2.5200E-03
2.5800E-03
2.6400E-03
2.7000E-03
2.7600E-03

MINIMUM
~2.8000E+03

vC .
-2.8000E+03
-2.3966E+03
~1.9928E+03
-1.5886E+03
-1.1843E+03
=7.7970E+02
-3,.7502E+02

2.9711E+01
4.3347E+02
8.2893E+02
1.2065E+03
1.5573E+03
1.8730E+03
2.1467E403
2.3724E+03

2.5457E+03 .

2.6634E+03
2.72%0E+03
2.7330E+03
2.7330E+03
2.7330E+03
2.7330E+03
2.7330E+403
2.7329E+03
2.7329E+03
2.7329E+03
2.7329E+03
2.7329E+03
2.7329€+403
2.7329€E+03
2.7326E+03
2.7328E+03
2.7328E+03
2.7328E+03
2.7328E+03
2.7328E+03
2.7328E+03
2.7327E+03
2.7327E403
2.7327E+03
2.7327E+03
2.7327E+03
2.7327€+403
2.7327E+03
2.7326E+03
2.7326E+03
2.7326E+03

VERSUS TIHE

4.0000E-01

Ic
2.7773E+02
2.7802E+02
2.7626E+02
2.7846E+02
2.7861E+402
2.7872E+402
2.7878E+02
2.7879E402
2.7639E+02
2.6733E+02
2.5184E+02
2.3044E+02
2.0376E+02
1.7260E+02
1.3784E+02
1.0047E+02
6.1520E+01
2.2064E+01

-6.8308E-03

-6.8308E-03

~6.8308E-03

-6.8308E-03

-6.830€E-03

-6.8308E-03

-6.8308E-03

-6.8308E-03

-6.8308E-03

-6.8308E-03

-6.8308E-03

-6.8308E-03

-6.8308E-03

-6.8308E-03

-6.8308E-03

-6.8308E-03

-6 .8308E-03

-6.8308E-03

-6.8308E-03

-6.8308E-03

-6.8308E-03

-6.8308E-03

-6.8368E~03

-6.8308E-03

-6.8302E-03

-6.8303E-03

-6.8338E-03

-6.83C8E-03

-6.8308E-03

774E+400
1.1330E+01
2.6805E+01
4.8123E+01
7.4696E+01
1.0574E+02
1.4036E+02
1.7759E+02
2.1638E+02
2.5568E402
2.7764E+02
2.7760E+02
2.7755E+02
2.7751E+02
2.7746E402
2.7742E+02
2.7738E+02
2.7733E+02
2.7729E%02
2.7724E402
2.7720E+02
2.7716E+02
2.77112+02
2.7707E+02
2.7702E+02

2.76G8E+02 .

2.7696E+02
2.7689E+02
2.7685E+02
2.7681E+02
2.767SE+02
2.7676E+02
2.7673E+02
2.7670E+02
2.7667E402
2.7664E+02
2.7661E+02
2.7652E+02
2.7655E+02

x

CoOoOogO0O0OaN

0
0
0
0
0
0
0
0
1

1.0000E+CO
1.0000E+00
1.0000E+00
1.0000E+00
1.0C00E+00
1.0000E+00
1.0000E+00
1.0000E+00
1.0000E+00

)

OOQOOO'DOOQOOOOOOOOOOOOOOOOOOO
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TIME

0.0

6.0000E-05
1.2000E-04
1.8000E-04
2.4000€E-04
3.0000E-04
3.6000E-04
4.2000E-04
4.8000E-04
5.4000E-0%
6.0000E-0%
6.6000E-04
7.2000E-04
7.8000E-04
8.4000E-04
9.0000E-04
9.6000E-04
1.0200E-03
1.0800E-03
1.1400E-03
1.2000E-03
1.2600E-03
1.3200E-03
1.3800E-03
1.4400E-03
1.5000E-03
1.5600E-03

.1,6200E-03

1.6800E-03
1.7400E-03
1.8000E-03
1.8600E-03

1.9200E-03 -

1.9800E-03
2.0400E-03
2.1000E-03
2.1600E-03

'2.2200E-03

2.2800E-03
2.3400E-03
2.4000E-03
2.4600E-03
2.5200E-03
2.5800E-03
2.6400E-03
2.7000E-03
2.7600E-03

-1
1c
2.7773E+02
2.7800E+02
2.7817E+02
2.7826E+02
2.7582E+02
2.6051E+02
2.3206E+02
1.9217E+02
1.4313E402
8.7689E401
2.8924E+01
1.1262E-01
1.1262E-01
1.1262E-01
1.1262E-01
1.1262E-01
1.1262E-01
1.1262E-01
1.1262E-01
1.1262E-01
1.1262E-01
1.1262E-01
1.1262E-01
1.1262€-01
1.1262E-01
1.1262E-01
1.1262E-01
1.1262E-01
1.1262E-01
1.1262E-01
1.1262E-01
1.1262E-01
1.1262E-01
1.1262E-01
1.1262E-01
1.1262E-01
1.1262E-01
1.1262E-01
1.1262€-01
1.1262E-01
1.1262E-01
1.1262E-01
1.1262E-01
1.1262E-01
1.1262E-01
1.1262E-01
1.1262E-01

PAGE 1

MINIMUM IC VERSUS TIME MAXIMUM

.4758E~01 KK = 2.0000E-01 - 2.7893E+02
1 : : 1 -
————————————————————————————————————————————————— +
————————————————————————————————————————————————— +
_________________________________________________ +
————————————————————————————————————————————————— +
_________________________________________________ +
—————————————————————————————————————————————— +
_________________________________________ +
__________________________________ *
_________________________ +
_______________ +
----- +

P S I Ik Ik Ik A T I T S S S e R T R

ICooT
5.3206E+03
3.7510E+03
2.1819£+03
6.1365E+02

-1.3886E+05
-3.6840E+05
~5.7513E+05
~7.4823E+05%
-8.7884E+05
~9.6048E+05
-9.8942E+05
0.0

R

, .

CO0OO00O0O00CO0OCCOO0ODO0O0OOOCOONOO0ODO0OLOOLOODOO0OO0OOOCODOO
OOOOOOOQOOOOOOOOOQOOOOOOOOO‘OOOOOOOO

1ADOT
0.0
0.0
0.0
0.0 .
1.3836E+05
3.6712E+05
5.7314E+05
7.4563E+05
8.7576E+05
9.5708E+05
9.8586E+05
-4.5131E+02
~4.7290E+02
-4.9293E+02
-5.1138E+02
-5.2822E4+02
-5.4368E+02

-5.5713E+02

-5.6917E+02
~5.7960E+02
-5.8841E+02
-5.9559E+02
-6.0114E402
-6.0506E+02
-6.0735E402
-6.0800E+02
-6.0702E+02
-6.0440E402
-6.0015E402
-5.9427E+02
-5.8676E+02
-5.7762E+02
~5.6687E402
-5.5450E+402
-5.4052E+02
-5.2495E+02
-5.0778E+02
-4.89045+402
-4.6873E+02
-4.4685E+02
-4,2343E+02
~3.6846E+02
-3.7196E+02
~3.4395E+402
-3.1464E+02
-2.83G4E+02
-2.5058E+02

M

ocoocooo
Paliy
oooom

1.0000E+00
1.0000E+00
1.0000E+00
1.0000E+00
1.00G02%00
1.0000E+00
1.0000E+00

»

N

.
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TIME
0.0
6.0000E-05
1.2000E~-0%

"1.8000E-04

2.4000E-04

3.0000E-04"

3.6000E-04
4.2000E-04
4,8000E-04
5.4000E-04
6.0000E-04
6.6000E-04
7.2000E-04
7.8000E~04
8.4000E-04
9.0000E-09
9.6000E-0%
1.0200E-03
1.0800E-03
1.1400E-03
1.2000E-03
1.2600E-03
1.3200E-03
1.3800E-03
1.4400E-03
1.5000E-03
1.5600E-03
1.6200E-03
1.6800E-03
1.7400E-03
1.8000E-03
1.8600£-03
1.9200E-03

1.9800E-~03.

2.0400E-03
2.1000E-03
2.1600E-03
2.2200E-03
2.2800E-03
2.3500E-03
2.4000E-03
2.4600E-03
2.5200E-03
2.5800E-03
2.6400E-03
2.7000E-03
2.7600E-03

MINIMUM - Ic
~-1.4758E-01 - KK =

IC
2.7773E+02
2.7801E+02
2.7823E+02
2.7839E402
2.7848E+02
2.7852E+02
2.7587E+02
2.6430E+402
2.4407E+02
2.1600E+02
1.8120E+02
1.4101E+02
9.6%943E+01
5.0624E+01
3.7442E+00

-5.3638E-03
-5.3638E-03
-5.3638E-03
~-5.3638E-03
-5.3638E-03
~5.3638E-03
-5.3638E-03
-5.3638€E-03

-5.3638E-03 .

~5.3638E-03
-5.3638E-03
~-5.3638E-03
-5.3638€E-03
-5.3638E-03
-5.3638E-03
-5,3638E-03
-5.3638E-03
~5.3638E-03
-5.3638E-03
-5.3638E-03
-5.3638E-03
-5.3638E-03
-5.3638E-03

-5.3638E-03 .

~5.3638E-03
-5.3638E-03
-5.3638E-03
-5.3638E£-03
-5.3638E-03
-5.3638E-03
-5.3638E-03
~5.3638E-03

PAGE 1

VERSUS TIME
3.0000E-0L

1 T TR T I A S S AR S N A RO S S

MAXTIMUM
2.73893E+402

ICD0T
5.3204E+03
4.2854E+03
3.2510E+03
2.2173E+03
1.1846E+03
1.5315E+02

~1.1694E+05
-2.6655E+05
~%,0526E+05
~5.2730E+05
-6.2886E+05
-7.0654E+05
~7.5788E+05
-7.8138E+05
-7.7656E+05
0.0

. .

. . .
COO00DCO00ODO0O0DOODOOOCODO0OODOO0OLDODO0ODO0O0OO

COOO0O0DO0OO0CO0O0O00CO0OOO0CORLOO0O0OO0O0DO0O00O0COQCOOO
o e e s e e 8 s 8 s e e & @ s s s e s DRI

TADOT

cooogQoo

A
.0
.0
.0
.0
.0
.0
1.1643E+05
2.6583E+05
4.0376E+05
5.2536E+05
6.2555E+05
7.0394E+05
7.5506E+05
7.73%3E+05
7.7357E+05
~5.2883E+02
~5.4409E+02
-5.5774E+02
-5.6978E+02
~-5.8021E+02
-5,.8%901E+02
-5.9620E+02
-6.0175€+02
-6.0567E+02
-6.0796E+02
-6.0861E+02

~6.0763E+02

-6.0501E+02
-6.0076E+02
-5.9488E+02
-5.8737E+02
-5.7823E+02
~5.6748E+02
-5.5511E+02
-5.4113E+02
-5.2555E+02
-5.0838E+02
~4.8964E+02
-4.6934E+02
-4, 4746EH02
-4.2403E+02
-3.9907402
-3.7257E+02
-3.4456E+02
-3.1505E+02
-2.8405E+02
~2.5159E+02

M2
0
0

0CO0O0OOO

.0
.0
.0
.0

1.0000E+00
1.00C0E+00
1.0000E+00
1.0000E+00
1.0000E+00
1.0000E+00
1.0000E+00
1.0000E+00
1.0000E+00C

. . D)
OO0 O0DO0OO0OODOO0O0ONDNOODODOODOO0ONDNOODO0DOLOQOOOOO0OCD

OO0 00000000 O0OONOOOLOOOODO0O0DOOCCOOOOO
P o 4 & s & & s e 8 s e © & e s o a .

6l



PAGE 1

MINIMUM Ic VERSUS TIME MAXIMUM
-1.4758E-01 KK = 4.0000E-01 2.7893E+02 :
TIME ic I X ICDOT 1ADOT M2
0.0 2.7773E402  mmmmmm e oo oo — e + 5.3204E+03 0.0 0.0
6.0000E-05  2.7802E402 - =m=m=m==— oo — oo o mm e mem e o e e mmc e —mm——m—mme e + -4.5526E+03 0.0 0.0
1.2000E-06  2.7826E4+02  —=—mmmmme e e e e me e m e ———— + 3.7856E+03 0.0 0.0
1.8000E-06  2.7846E402  =mmwmmme-me— oo e oo m e — e — e + 3.0193E+403 0.0 0.0
2.4000E~04  2.7861E+02  =r==s~=m—mm oo mm e mm e emoe + 2.2540E+03 0.0 0.0
3.0000E-04  2.7872E+402  ~===m=m==mmmm— = e oo mmmmm e oo . 1.4858E+03 0.0 0.0
3.6000E-04  2.7878E+02  ~—-=mm=memm=mmmmm e oo e e + 7.2682E+02 0.0 0.0
4.2000E-04  2.7879E+02  m=mmmmmmm o e e ¢ -3.4903E+01 0.0 - 0.0
4.8000E-046  2.7639E+02  ~m=mm-—=mmmmeee T T TSR +  -9.5287E+04 9.4797E+04 1.000CE+00
5.4000E-04  2.6733E402 ==-==mmmmemm e oo + -2.0559E+05 2.0472E+05 1.0000E+00
6.0000E-04  2.5184E+02  ==mmm o~ e + -3.0855E+05 3.0772E+05 1.0000E+00
6.6000E-04  2.30G4E+02 == mmm oo e e e e + ~4.0268E+05 &.0110E+05 1.0000E+00
7.2000E-04  2.0376E402  =mmm—mm oo e + ~6.B8437E+05 4.8249E+05 1.0000E+00
"7.8000E~04  1,7260E402  m=m—mmmm—mmemee oo + -5.5199E+05 5.4985E+05 1.0000E+00
8.4000E-046  1.3784E402 =--mmcemmemmmmeeeeeeee + -6.0390E+05 6.0156E+05 1.0000E+00
9.0000E-04  1.0047E402  ~==m—mm——com————a- + ' -6.3892E405 6.3643E+05 1.0000E+00
9.6000E-04  6.1520E401  =—=-==——mm- + . ~6.5633E4C5 6.5374E+05 1.0000E+00
1,0200E-03  2.206GE+0L  ---+ -6.5589E+05 6.5326E+05 1.0000E+00
1.0800E-03  -6.8308E-03  + 0.0 -5.7029E402 0.0
1.1400E-03  -6.8308E-03  + 0.0 -5.8072E+02 0.0
1.2000E-03  -6.8308E-03  + .0 ~5.8952E402 0.0
1.2600E-03  -6.8308E-03 + 0.0 -5.9670E+02 0.0 ..
1.3200E-03  -6.8308E-03  + 0.0 -6.0226E+02 0.0
1.3800E-03  -6.8308E-03  + 0.0 -6.0616E+02 0.0
1.4400E-03  -6.8308E-03  + 0.0 -6.0847E+02 0.0
1.5000E-03  -6.8308E-03 + 0.0 -6.0512E402 0.0
1.5600E-03  -6.8308E-03 + 0.0 -6.0814E+02 0.0
1.6200E-03  ~6.8308E-03  + 0.0 -6.0552E+02 0.0
1.6800E-03 -6.8308E-03 + 0.0 -6.0127E+02 0.0
1.7400E-03  -6.8308E-03 + 0.0 -5.953%E+062 0.0
1.8000E-03  -6.8308E-03 + 0.0 -5.8788E402 0.0
1.8600E-03  -6.8308E-03 + 0.0 -5.7874E+02 0.0
1.9200E-03  -6.8308E-03  + - 0.0 -5,6799E402 0.0
1.9800E-03  -6.8308E-03 + 0.0 -5.5562E+402 0.0
2.0400E-03  -6.8308E-03  + 0.0 -5.4164E+02 0.0
2.1000E-03  -6.8308E-03 + 0.0 -5.2606E+02 0.0
2.1600E-03  -6.8308E-03 + 0.0 -5.086%E+02 0.0
2.2200E-03  -6.8308E-03  + 0.0 -4.9015E+02 0.0
2.2800E-03  -6.8308E-03 + 0.0 -4.6984E+02 0.0
2.3600E-03  -6.8308E-03  + 0.0 -4.4797E402 0.0
2.4000E-03  -6.8308E-03  + 0.0 -4.2454E+02 0.0
2.4600E-03  -6.8308E-03 + 0.0 -3.9957E402 0.0
2.5200E-03  -6.8308E-03 + 0.0 -3.7308E2+02 0.0
2.5800E-03  -6.8308E-03  + 0.0 ~3.4507E402 0.0
2.6400E-03  -6.8308E-03  + 0.0 ~3.1555E+02 0.0
2.7000E-03  -6.8308E-03  + 0.0 -2,8456E+02 0.0
2.7600E-03  -6.8308E-03  + 0.0 -2.5209E402 ©.0

o€l



TIME
0.0
6.0000E-05
1.2000E-04

1.8000E-04 -

2.4000E-0%
3.0000E-04
3.6000E-04
4.2000E-04
4.8000E-04
5.6000E-04
6.0000E~04
6.6000E-04
7.2000E-04
7.8000E-04

8.4000E-04 -

9.0000E-04
9.6000E-04
1.0200E-03
1.0800E~03
1.1400E-03
1.2000E-03
1.2600E-03
1.3200€-03
1.3800€-03
1.4400E-03
1.5000E-03
1.5600E-03
1.6200E-03
1.6800E-03
1.7400E-03
1.8000E-03
1.8600E~-03
1.9200E-03
1.9800E~-03
2.0400E-03
2.1000E-03
2.1600E-03
2.2200E-03
2.2800E-03
2.3400E-03
2.4000E-03
2.4600E-03
2.5200E-03

2.5800E-03 "

2.6400E-03
2.7000E-03
2.7600E-03

-3
VCA

1.7145E+02

1.3266E+02

9.3829E+01

5.4967E+01
-4.2859E+02
-1.2105E+03
-1.9286E+03
~2.5470E+03
-3.0357E+03
-3.3720E+03
-3.5417E+03
~4.2957E+02
-4.6503E+02
-5.0031E+02
-5.3537E+02
-5.7022E+02
-6.0482E+02
-6.3917E+02
-6.7324E402
-7.0702E+02
-7.4049E+02
-7.7363E+02
-8.0643E+02
-8.3886E+02
-8.7092E+02
-9.0253E+02
-9.3385E402
-9.6468E+02
-9.9507E+02
-1.0250E+03
-1.05645E+03
-1.0834E+03
-1.1119E+03
-1.1399E+03
-1.1673E+03
-1.1942E+03

-1.2205E+03

~1.2462E+03
-1.2714E+03

" =1.2960E+03

-1.3199E+03
-1.3432E+03
-1.3659E+03
-1.3880E+03
-1.4094E+03
~1.4301E+03
-1.4501E+03

PAGE 1

MINIMUM . VCA VERSUS TIME MAXTHUM
.5621E+03 KK = 2.0000E-01 1.7165E+02

I . I VD1
-2.6286E+03
-1.8605E+03
~1.0919E+03
~3.2297E+02
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KK
2.0000E-01
2.0000E-01
2.0000E-01
2.0000E-01
2.0000E-01
2.0000E-01
2.0000E~01
2.0000E-01
2.60%0E~-01
2.0000E-01
2.0000E-01
2.0000E-01)
2.0000E-01
2.0000E-01
2.0000E-01
2.0000E-01
2.0000E~01
2.0000E-01
2.0000E-01
2.0000E-01
2.0000E-01
2.000CE-01
2.0000E-01
2.0000E-01
2.0000E-01
2.0000E-01
2.0000E-01

.2.0C00E-01}

2.0600E-01
2.0000E-01
2.0000E-01
2.0000£-01
2.0000E-01
2.0000E-01
2.0700E-01
2.0000E-C1
2.0000E-01
2.0000E~01
2.0000E-01
2.0000E-01
2.0000E-01
2.0090E-01

2.6000E-01 -

2.0000E-01
2.0000E-01
2.0CJ0E-01
2.0000E-C}
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TIME
0.0

6.0000E-05
1.2000E-04
1.8000E-06
2.4000E-04
3.0000E-04
3.6000E-04
4.2000E-04
4.8000E-06
5.4000E-04
6.0000E-04
6.6000E-04
7.2000E-04
7.8000E-04
8.4000E-04
9.0000E-04
9.6000E-04
1.0200E-03
1.0800E-03
1.1400E-03
1.2000E-03
1.2600E-03
1.3200E-03
1.3800E~03
1.4400E-03
1.5000E-03
1.5600E-03
1.6200E-03
1.6800E-03
1.7400E-03
1.8000E-03
1.8600E-03
1.9200E-03
1.9800E-03
2.0400E-03
2.1000E-03
2.1600E-03
2.2200E-03
2.2800E-03
2.3400E-03
2.4000E-03
2.4600E-03
2.5200E-03
2.5800E-03
2.6400E-03
2.7000E-03
2.7600E-03

MINIMUM

VCA
1.7145E+02
1.3352E+02

9.5566E+01

5.7589E+01

1.9616E+01
-1.8337E+01
-4.30%0E+02
-9.5514E+02
-1.4485E+03
~1.8949E+03
-2.2803E+03
-2.5929€+03
-2.8237E+03
-2.9668E+03
~3.0193E+03
-5.7037E+02
-6.0497E+02
-6.3932E+02
-6.733%9E+02
-7.0717E+02
-7.4064E+02
-7.7378E+02
~-8.0658E+02
-8.3901E+02
-8.7107E+02
-9.0274E+02
-9.3400E+02
-9.6483E+02
~9.9522E+402
-1.0251E+03
~1.0546E+03
-1.0836E+03
~1.1121E+03
-1.1400E+03
~1.1674E+03
~1.1943E+03
~1.2206E+03
~1.2464E+03
~1.2715E+03
~1.2961E+03
~1.3201E+03
~1.3434E+03
~1.3661E+03
~1.3881E+03
~1.4095E+03
~1.4302E+403
~1.4503E+03

~3.5621E+03
I

VERSUS TIME
3.0000E~01

PAGE 1

MAXIMUH
1.71645E+02

VD1
-2.6286E+03
-2.1286E+03
~1.6282E+03
-1.1274E+03
-6.2641E+402
-1.2527E+02

0.0

)
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KK
3.0000E-01
3.0000E-01
3.0000E~01
3.0000E-01
3.0000E-01
3.0000E-01
3.0000E-01
3.0000E-01
3.0000E-01
3.0C00E-01
3.0000E-01
3.0000E-01
3.0000E-01
3.0000E-01
3.0000E-01
3.0000E-01
3.000CE-O1
3.0000E-01
3.0000E-01

- 3.0000E-01

3.0000E-01
3.0000E-01
3.0000E-01
3.0000E-01
3.0000E-01

" 3.0000E-01

3.0000E-01

© 3.0000E-01

3.0000E-01

"3.0000E-01

3.0000E-0!1
3.0000E-01
3.0000E-01L
3.0C00E-01)
3.00C0CE-OL
3.0000E-01
3.0000E-01
3.0000E=01
3.0000E-01

-3.0000E-01

3.0000E-01
3.0000E-01
3.0000E-01
3.0000E-01
3.0000E-01
2.0000E-01
3.0000E-01

AN



TIME
0.0

6.0000E~05 -

1.2000E-04

1.8000E-04 -

2.4000E-04
3.0000E-04
3.6000E-04
4.2000E-04
4 ,8000E-04
5.4000E-04
6.0000E-0¢%
6.6000E~04
7.2000E-04
7.8000E-04
8.4000E-04
9.0000E-04
9.6000E-04
1.0200E-03
1.0800E-03
1.1400E-03
1.2000E-03
1.2600E-03
1.3200E-03
1.3800E-03
1.4400E-03
1.5000E-03
1.5600E-03
1.6200E-03
1.6800E-03
1.7400E-03
1.8000E-03
1.8600E-03
1.9200E-03
1.9800E-03
2.0400E-03
2.1000E-03
2.1600E-03
2.2200E-03
2.2800E-03

2.3400E-03"

2.4000E-03
2.6600E-03
2.5200E~-03
2.5800E-03
2.6400E-03
2.7000E-03
2.7600E-03

MINIMUM

VCA
1.7145E+02
1.3396E402
9.6434E+01
5.8901E+01
2.1376E401

-1.6123E+01

-5.3577E+01
~9.0G66E+01
~%.3347E+02
-8.2893E+02
-1.2065E+03
-1.5573E+03
-1.8730E+03
~2.1467E+03
-2.3724E+03
-2.5457€E+03
~2.6634E+03
-2.7240E+03
-6.7351E+02
-7.0729€E+02
~7.4076E+02
-7.7390E+02
-8.0670E+02
-8.3914E+02
~-8.7120E+02
-9.0287E+02
~9.3412E+02
~-9.6495E+02
~9.9534E+02
-1.0253€E+03
~1.0547E+03
-1.0837E+03
-1.1122E+403
-1.1401E+03
~1.1676E+03
-1.1944E+03
-1.2207E+03
-1.2465E+03
~1.2717E+03
-1.2962E+03
-1.3202E+03
-1.3435E+03
-1.3662E+03
-1.3883E+83
-1.4096E+03
-1.4304E+03
~1.64504E+03

-3.5621E+03

I

VCA
KK

VERSUS TIME
%.0000E-01

PAGE 1

MAXIMUM
1.7145E+02

¥D1
-2.6286E+03
-2.2626E+03
-1.8963E+03
-1.5297E+03
-1.1629E+03
-7.9533E+02
~4,2860E+02
-6.1256E401
0.0
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KK
%.0000E-01
4.0000E-01
4%.0000E-01
4.9000E-01
4.0000E-01

"4,0000E-01

4.0000E-01
4.0000E-01
4.0000E-01
4.0000E-01
4.0000E-01
4%.00C0E-01
%.00CGE=01
4.0000E-01
4.0006E-01
4.0000E~01
%.0000E-01
4.0000E~01
%.0000E-D1
4.0000E-01
4.0000E-01
4.0000E-01
4.00C0E~01
4.0000E-01
%.0000E-01
%.0000E-01
4.0000E-01
%.0000E-01
%.0000E~01
4.0000E-01
4.00008-01
4.0000E~01
4.0000E-01
4.0000E-01
%.0000E-01
4.0000E-01
%.0000E-01
4.0000E-01
4.0000E-01
4.0C00E-01
4.C000E-01
4.0000E-01
4.0000E-01
4.0000E-01
$.0000E~01
4.0000E-C1
%.0000E-01

gel
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APPENDIX G DISCUSSION OF GTO VSI

The discussion of the GTO VSI is separated into two parts
~ device characteristics
- circuit performance

G.1 Device Characteristics [11]

A GTO thyristor is a power device which combines the good features of a
thyristor and those of a transistor. Table Gl shows a comparison of these
‘devices. Table G2 shows some specifications of three particular GT0's from
different vendors.

G.1.1 Turn-On Operation

The turn-on operation of a GTO is similar to that of a thyristor. The
operat1on can be described by using the two-transistor equ1va1ent circuit as
shown in Fig. G1.

G.1.2 Turn-0ff Operation

The turn-off operaticon is shown in Fig. G2. The principle involved is
to bypass the base current of the npn transistor via the gate turn-off circuit.
The turn-off gain of a GTO is about three. This means that a reverse gate
current in the order of one-third of the anode current is required to turn off
a conducting GT0. The gate turn-off current is very high. However, the dura-
tion of this high current pulse is in the order of only ten microseconds. There-
fore, the average power ratings for turn-on and turn-off circuits are approxi-
mately the same [12].

G.2 Circuit Performance

Since a GTO thyristor is a self-extinguishing device, no commutation cir-
cuit is required. However, normal operation creates the circumstance that the
device may be turned off while it is conducting high current. . This condition
is similar to that which occurs in high power transistor switching and may re-
sult in very high turn-off Tosses. Care must be taken to operate the device
within its safe operating condition specified by, the device manufacturer.

Fig. G3 shows a comparison of the application ranges of switching devices.

G.2.1 Switching Characteristics [14]

Some of the voltage and current waveforms of a GTO switching circuit are
shown in Fig. G4. During the turn-on interval, the following aspects should
be considered :

- The GTO has a relatively high latching current, and the
gate pulse must be maintained long enough such that the
anode current exceeds this latching level [15].

- The feedback diodes must be the fast recovery type in
order to minimize the short circuit recovery current.



TABLE G1% Comparison of Switching Devices with Each Other

[11]

e T— Peviccs ‘Thyristor GTO Thyristor Transistor
Characteristics, (High-speed Type) (Anode Shorted Emitter (Darlingion Type)
etc, Construction)
Device
Construction Load Load Load
Anode Anode Collector
]—;\ 7277 rA XY fC TrTTT
P pj P n
5 b P
falulel n [n1]n]]
. 5 Gate .
Cathode Gate Cathode Emitter Base
i
Waveforms of Anode Anode 'l_ I Collector l I
Voltages and Voltage Voltage ™ [ Voltage ———————
Currents Anode _
Current Anode | . Collector
Current Current
Gate  fle-q | ke
Current Gate Base ‘::—T“
Current Current -
T i .
i Turn-on Feeds a trigger current Feeds a trigger current Feeds a base current.
to the gate. to the gate.
Switch- ON If the anode current is If the anode current is Continues to feed the base
in holding greater than the holding greater than the holding current.
Ogera- current, the gate current current, the gate current :
tign is unnecessary is unnecessary.
Tum-off Breaks the anode current | Feeds a reverse current Makes the base current
externally or applies a re- | to the gate. zero. :
verse voltage by a forced
commutation circuit.

(Maximum value)

Tum-off Time 15 to 50us 10us 10us

(Maximum value) : (when the base is reverse-
iy biased.)

Onstate Voltage 1.5to 2.5V 2to 2.6V 2t0 2.5V

Drive Power

High because turn-off
requires the forced
commutation circuit,

Very low because both
turn-on and turn-off
requires only a pulse.

High because the base
current is fed during the
on period.

Over-current
protection

4

Protection by fuse

Turn-off with-the gate
reversely biased within a
non-repetitive controllable
on-state current limit or
protection by fuse

Turn-off of the base cur-
rent within an ASO
region.

Features

1) Easily available high
. blocking voltage and

large current capabili-
ty

2) Medium-speed switch-
ing

3) No self turn-off
function

1) Turned on and off by
a polarity of the gate
current,

2) High-speed switching
and low loss

3) Available high block-
ing voltage and large
current capability

3) Unavailable high block-

1) Turned on and off by
the control of the base
current. '

2) High-speed switching

ing voltage and large
current capability
4) Weak to an overioad
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Tqble' G2 .

Hitachi IR TOSHIBA
| SYMBOLS |UNIT |GFP 1000525" 160prT120" | 36800 R2S rv]
o off ‘\(O‘fage ’ ~ Vorm % 2,500 1200 § 300
| mox ewsvemt ivéa A | 1000 600 800
On-e{{czﬁve LUYY. Lriams) A 400 250 460
' Surge euyrent | Item A 7000 1800 6 600
gate vev, vo”’agc \Venm vV 16 18 io
gate ﬁigéev cu’w. Ier A 0-6 (vvp) 4 042 (Tve),
on vo”’dge Vam \ 1.8 (7yr)|  3.44 (wmax) 2.0 (max)
dv/dt dv/dt v/,;s - 1000 500 (win) |
di/dt di/dt A/ps" - No. umiT | 400
tuyn-om. time tot Ms 10 5 7.5 (Tye.)
Tuvﬁ-o{-'f tme tgq MS | 25 8 13 (Tye)
Junction Temp T °c =40 to 125 ~f0 to 125 ‘—4o fo 115
Thermal “ves. Reze |°c/w| o0.05 ¢.075 0.04

specifications  of some particular &70's.

( for move details , comnsult 'r»a'nu-f.qcfuters " data sheels

imdicaled in .fefefcﬂees :[3], (21 omd [10] )



le(Pap))  pnp (1RS)

.G ‘*'—“——_@ :
. +IG]
- ‘ o T o npn TRS

& 1C (npn)

 ““.‘ o S . 1 -vFig. G1: -Tufn-onbpen_ation’

IC (pnp) -

-

Go

\
|
I
I
]
'

b

“I¢ (npn)
K.

Fig. G 2% Tum-off Operation [11]

Stlrqosster_ __ - .

Carrier wave Frequency ( kMz)

4 )
| 3 o

PWN Inverter Outpw Capacity (kVA )

Fia.GB:Applucolm. Field of Swilching Devices
’ . o PWM Inverter 3]

(1]
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td | tr

GTO dlr
Anode Current It dt "
' Itail
:‘Q—__L—~_' 001 Ir
L
tstgt tf t tail
— tgq—]
GTO
G-to-K Voltage T N— 2\
GTO 1
Gate Current 0,1],/.‘ \ ~ ,
0.1 IGQ

' F03 G4 : Waveforms of Voltages and Currents [14]
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'During-the,turn4off interval, the fo1lowing aspects should be consideréd .

- A high negative gate current in the order of one-third
of the anode current must be maintained for about 10ps
(storage time plus turn-off time).

- The locus of anode vo]tage VS. anode current must stay
inside the safe operating range.

G.2.2 Snubber Circuit

The»snubber circuit for GTO thyristors is as important as that for the .
transistor switching circuit. Although the snubber circuit is larger than
that required for a conventional thyristor, the GTO requires neither L-C
components nor auxiliary thyristors for commutation.

Ab To design the snubber circuit, the following aspects must be carefully
cons1dered

- The value of the snubber capac1tor must be chosen such
.that it is large enough to absorb energy stored in the
w1r1ng inductance or to limit the dv/dt for safe operat-

- ing conditions. At the same. time, the capacitor should
not be too Targe because the energy stored in this capa-
citor must be totally dissipated in the snubber resistor
during the on interval. The essence of this aspect is
shown 1n Fig. G5. - '

- The w1r1ng of the snubber c1rcu1t must be made as short
©as possible. .

A spec1a1 snubber. capac1tor w1th extreme]y 1ow 1nductance'
is required.

-The snubber diode must be a .fast recovery type.

G 2 3 Motor Performance

: The motor performance for a GTO VSI is similar to that descr1bed in
Append1x E2. Since the turn-off time of a GTO VSI is less than that of the
~ McMurray commutated VSI, the_PwM_wayeform can be improved.
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s’ ANODE CURRENTOFGTO -~ - - . ... Ce ol
w  LOAD CURRENT - ) o
va  ANODE VOLTAGE OF GTO

’ AY
Vp ,I \\ o )
7 -V P4 o’ ,
\ [V / _ .

ia (NORMAL TURN-OFF) K4 : : '

-—-i--———————-———‘---‘ Vi . i

- vcs (NORMAL TURN-OFF) \‘ 4 1
-~ ~ ¢ . - .

. ‘~.~“ ;“ v . ) I
—— AR . :
: . B \ .
- ©© PREMATURE TURN-OFF " NORMAL TURN-OFF k
' "(Cg NOT DISCHARGED). {Cs DISCHARGED) ) ;

Porr (NORMAL TURN-OFF)

Fi . G-S':WavefounsHluslralingOperali_onWhentheSnubberCapacnorCS '
: j - 18 Not Anle to Fully Discharge During the On-Time of the GTO.. [15]



141

_mmu '.QM&.&L&L_E__‘ ARISON O CAND__LQ_lA E... )@_mis

List of Svymbols
.fpm‘- [iﬁdﬂbtibp Motor (IM) Powe; Output
Va RMS Line to Line IM Terminal Voltage
RMS IM Line Current Per Phase
n . IM Efficiency
-cos. 9 ]'" IM Power Factor
‘:jxyﬁé;;ff;iTVSI DC Bus Voltage
" Vbe “7 " " €SI Input Termindl Voltage
Ipc - CSI DC Bus Current
iDCM_ ;VSI Input Ierminal Current
cp | Peak Commutating Capacitor Voltage
c. RMS Commutating Capacitor Voltage (Partial)
cp Peak Commutating Current
c RMS Commutating Current
peak Peak Voltage across a Deyice
IRMS RMS Current through a Device
Note: These last cwo symbols will be used to define
~ the Total Component Rating (TCR) of a device.
RTm TCR of Main Thyristors
RTC TCR of Commutating Thyristors
RD TCR ef Diodes
RCc I ILR of Commutating Capacitors
Rio TCR of Commutating Inductors
RINV ICk of Inverter
RCB ICR of DC Bus Filter Capacitor
RLB TICR of DC Bus Filter Inductor
RTOT TCR of Inverter plus DC Filter

t - Turn Off Time of Thyristors
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t_of Symbols (continued)-

Impedance constant = 0.667
% ripple expressed as a decimal

Inverter constant used to calculate the TCR
of the main thyristors in the McMurray VSI
K: = 7.92 x 10° VA/horsepower -

RMS value of the ac component of the inverter
input terminal voltage .

RMS value of the ac component of the inverter

- input terminal current

Commutating angular frequency - -
Maximum inverter output angular frequency -

Characteristic impedance of series LC circuit

ZC.=,/L7C



H.1l » General

development of the total ‘component rating (TCR).
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The comparisOn of thelpropulsion systems begins with rthe

This rating

is designed to indicate the power handling capability of each -
It is desirable to be able to compare the systems both
horlzontally (by- intepnal component groups) and vertically -
(by total PCU component ratings).
Figure H1 shows the circuit models and Figures HZ and H3
trespectively display important waveforms for the voltage and

“PCU.

. current source inverters.,

The calculatlon of the TCR for the

PCU,components5follows from,the basic assumptlons listed below.

1)

2)

_3)‘"_

4)

VSL /.;L_

180° conduction of thyristors

Line current is sinusoldal
(See Figure H2(d))

.The dc bus voltage has an

average value VDC = 1.3 Vo

with 10% pure sinusoidal '
rlpple. .

‘The inverter. input current

iDC has an average value
c = (3/"7n9 ‘I with an

ac component whose RMS value

is Tgc = 0. 06 I m®
(See Flgure_HZ(e))

"CS1

120o conduction of thyristors

Line current is ulsed
(See Figure_HB(cg

. -The inverter input terminal

voltage v, has an average
value VDC1=‘(3{§yliﬂojvm'

with an ac component whose
RMS value is Vac = 0.214 Ve

(See Figure H3(d))

The dc bus current has an

average value I, = 1.3 I

with 10% pure sinusoidal
ripple. - '



144

a) Voltage Source Inverter

b) Current Source Inverter

‘Figure Hl



(a)
2Vpe/3
VDC/3
0 —_——— e e e e _.:]
(b)
Vbe
0 V= — o = —— e p—
(c)

Figure H2
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vag Voltage from output .
nodes to fictitious center

tap of battery. Shown to
emphasize 180 degree conduction
of thyristors.

VAN Phase voltage of standard
six=step inverter.

VAB ~Line to line voltage

at IM terminals, RMS value
of fundamental component' is

Vm =/6 /1 VDC s0.that

VDC = 1.3 Vmi

iA. The load current is assumed
to be purely sinusoidal.

iDC The source must supply

one phase of load current
during each 60 degree interval.
RMS value of AC componen?L

Ideal Voltage Source Inverter Waveforms
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VAN The phase voltage

is assumed to. be purely

sinusoidaly neglecting

the voltage spikes durlng
\ commutatlon.

. Vap " The line to Iine'IMé y
 terminal .voltage is also =~ =«

~sinusoidal, neglecting
the voltage spikes.,

'iA The RMS value of ﬁhe
fundamental component is:

Im =/6 /fr IDC so’ that

0 -— - - ;;_;-r_.___=' IDC,'_-‘.’I‘.B Im

(c)

Vpe The RMS value of the

AC component of the- 1nverter
input 'voltage is:

Vio ¥ 0.2V Vpo = (?»B/ﬁn)vm

Figure H3

Ideal Current Source Inverter Waveforms
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The average value of the VSI inverter input current iDC '
shown in Figure H2(e) is

- (21/3) -
pc = =3 |V 21 sin(wt) dwt = (3¢r§-1m) /T
™/ 3)

The RMslvalué of the ac componéent of the VSI inverter
input current iDC shown in Figure H2(e) is

(2n/3)
. 2
Lic = "'T3r— g(lnc = Ipg)” dwt
‘ ("73) :

0.056675_1m = 0.06 I

(2m/3)
(/2 I_ sin(wt) - 3/‘2‘1m/n)%m
(m/3) -

Idc

where I is the RMS value of the induction motor line current.



The average value of the CSI inverter input terminal
voltage Vbe shown in Figure H3(d) is ‘ '

n/2
‘ ) 3V3 -
v = 3 /2 V_ sin(wt) dwt = =—32V = 1.169 V
DC —?;— m _ _ JGT1T m m
m/6 S

The RMS value of the ac component of the CSI inverter
input terminal voltage vp. shown in Figure H3(d) is

w2

Vy = —L;(VDC'VDC
/6

)2 dwt

™2
_Q_sf («ri-vm‘sin(wt) - 1.169 v )2 dwt
LI 773

<
I

dc

\'

de 0.213695 V, = 0,214 Vo

where V_ is the RMS value of the induction motor line to line

terminal voltage.
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The ripple frequency of the VSI dc bus voltage and the
‘.CSI dc bus current is not spe01fied. This eliminates the
restric;ion to a particular. type of input power source. The
ripple frequency would be twice the line frequency for a "
rectified single'phase catenary ihput on a totally electric,
locomotive; or it would be six times the line frequency for
a rectified three phase alternator input on a diesel powered
locomotive, : -

~ The ripple frequency of the vSI input current and the |
CSI input voltage is six times the inverter output frequency.
It is this frequency, shown in.Figures H2(e) and H3(d), which
determines the values of the dc filter components.

The general expressions defining the total component
ratings and those applicable to a particular inverter are
listed in Table Hl. Each TCR has dimensions of power so that
both horizontal and vertical comparison in Table 4.1 is possible.



Device TCR
Thyristors R
(Main) im
Thyristors RIc
(Commutating)
Diodes RD
Capacitors R
(Commutating) Ce
Inductors
(Commutating) fLe

Total Inverter
Rating . RINV

.Capacitor R
(DC Filter)  CB

Inductor RLB
(DC Filter) .

Total PCU R
Rating T0T

z:.
I

n

N
I

642(1.25 v

GTO
DC)Im

6J2(1.25 VDC)Im

6wy Ch (145K, IVpe)?

General VsI CS1
N(ZVpeak)IRMS 6/Evcp1m lzvcp(o;75 1)
N(vaeak)IRMS 6J§VCPIC -
Rpp 6J§vcpxm lzvcp(o.75 1)
. 2 2 2
NwCC(VRMS) 3(VC) /Zc 6wIC(VRMS)
NWCL(IRMS)Z 3(10)22C -
(RI,m + RTc + RD + R, + RLC)
6w.C.(V_ )2  6w.Co((14+5K IV._)2
I°B\'peak’ YI-B 2’ VDC
, (4% 2
(Rynyy + Rep + Rpp)
Table H1

Expressions for Total Component Ratings TCR"

N = Number of devices

% ripple

7~
1]

Fundamental commutating frequency 1 //LC
Maximum fundamental inverter output frequency' 21/ (10 tq)
Equivalent characteristic impedance of LC commutating circuit JL/C

0§l
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2 Voltage Source Inver;er TCR Calculatigns

The. base value for the traction motor output ‘is 600
horsepower. The IM terminal voltage, as suggested by Levi
[16]. is V = 2 kV. The motor power factor 'is selected J
to correspond with the motor parameters of Appendix F. The

- result is cos 6 = 0,918 when calculated at a motor efficiency _

of 954. Summar121ng these results:
= 600 hp ~  n = 0,95
v"=-=2kv COSG_=0918

"O
|

The RMS value of the motor line current lS_

I = 746 P = 148.i6vAmperes

JE-V n cos 6

The Valuevof the dc bus uoltage iS'found by“equating
V to the RMS value of the fundamental component in the
Fourler series representation of the line to line IM terminal
voltage. (See Figure H2(c))‘lThis.procedure leads to
. . The turn off time required by the thyristors is arbitrarily
chosen to be tq 25 microseconds. As suggested by McMurray [17]
the optimum values of commutating components are given by ‘

L o= 0397 (Vpo /1) £ . = 174.2 ul

o
]

;0'893 (I /'VDC)“tq = 1,272 'uF. -
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It is convenient to consider the commutating series LC =
circuit in the McMurray inverter as a lossless transmission‘"
line with a characteristic impedance given by

Z, =./L/c =K, (vDC / 1) = 11.7 Ohms

where

vfko 397 / 0. 893) - 0.667

The peak commutating current available to turn off the'
thyristors and the peak voltage across the commutat1ng
capacitor are glven by .

Iep ‘=, Vpe / Zg = 2222 Amperes . = ( I / K, )

Vep é'(l.cp*’lm)zc = 4,33 kV (1+K )vDC

The RMS value of the commutating current is calculated
at the highest inverter operating frequency given by
wI = (2m/10 t ) = 25 13 X 10 rad / second

i
T/ N\

Z'J'- 4 } . . .
X . . - .
) ?-‘_\ S
. .
. \ , R

QT ——

- -
-

. ~ s N
Figure H4
Commutating Current
_ ™ '

I, =/_1_ | (1. sin(wt) )? awt (1. /J/10)
.Te =5 0 cp. B cp
Similarly, neglecting periods of zero current,

i

Vg = 5%? /{i( ch cos(wt) )2 dwt = >(qu // 10)
: 0 _
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It is very important to note that the RMS value of voitage
given by V is not the total RMS voltage across the capacitor.
V is the portion of the RMS voltage due to the component wave-
forms which- occur during periods of nonzero current. It is
this partial RMS value which is used to calculate the TCR of
the commutatiOn capacitors. The same argument will be used
during the calculation of the TCR for the CSI' commutation
capacitors,‘E L : : . '

' To evaluate the TCR expxessions given 1n Table Hl, the
appropriate peak and RMS voltages and RMS currents must be
specified, For the McMurray VSI, the peak voltage appearing
across the main thyristors, auxiliary commutating thyrlstors.
and the reverse ‘parallel protectlon diodes is equal to the
peak . commutating capacitor voltage. '

\'s \'

peak - ‘cp

The RMS current through the main thyristors is one half
the peak motor current, '

Ipig = W2 1) /2

The RMS current through the auxiliary commutating. thyristors
is equal tO'I . The RMS voltage across the commutating capac1tors
for the purpose of the TCR calculation is V '

- The diodes carry the excess commutation current above
the load current, which is assumed to be constant during
commutation., Besides the excess commutation current.'the diodes
- may carry the full'load‘eurrent for as much as one quarter ’
cycle in the caee of’a'pureiy inductive load, For these reasons,
and to ailow for light loading conditions, the TCR of the
reverse parallel protection diodes is conservatively chosep
to be the same as the main thyristors, '
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f
Procedding with the calculationss !

Normalized
Rpp = Rp = 62V I, = 5.448 x 10° va 1.0
Rpe = 6VZV, I, = 1.827 x10° va 0.335
Reo= . 3(Vv,)2/7z, = o0w482x10%va - 0.0883
Ro,= 3(1.)%2 = 0.1733 x10% va 0.0318

The above normalized values appear in the VSI column

of tabile 4.1;

Tm I ™M
n cos 6
Begloning with the definition of Ry given in Table HI
RTm = 6 (2 Vpeak ) 1RMS
Sgbgtitute Vpeak = ch =( 1+ Kz‘) Voo |
and V. = 1.3 V so that Vpeak =(1+K, ) (1.3) v
Also substitﬁte for Ipyg = 5 (2 I )
And finally subgtitute for I = 746 P
J§-Vm n cosve
Rp, = €6)( 2 (14K, )(1.3))( 746 P_ )

vF; n cos O

Define KI = 6x2x(1+0.667)x1.3x746 /vrg = 7,92 x 103 VA /horsepower



155

H.2.2 S cLi f VS Cc F er Capacjtance & TCR Calculation

The dc filter capacitor is chosen both to maintain the -
dc bus voltage within the maximum percent ripple and to provide
the ac component of inverter. input terminal current. Beginning
with the volt-ampere relationship C dv/dt = i, the value of
. the dc filter capacitance.may be estimated as follows

Ca

i

L(AE /AV) Ty, = 142.44 uF

where .
At period of the ac variation.of the inverter
input current evaluated at the lowest inverter
 output frequency, 60 Hz. The frequency of the

ac variation is 6 x 60 Hz.

At = 1/ (360Hz ) = 2,78 milliseconds

AV = % ripple times the dc bus voltage

AV = K. Vpe = (0.1) Vpe = 260 Vo}ts

IdC = RMS value of the ac component of the inverter
input current shown in Figure H2(e) "

Tge = 0:06 I,

The TCR of the dc filter dapacitof is given by

Reg = 6wy Cp ( Vogay ) = 160.1 x 107 VA = 29.384 Normalized
where ‘
Veak (1 + %K. ) Vpe = (1.05) Vpo = 2.73 kv
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S rce er TCR Calculations

The base horsepower and induction motor.characteristics
are the same as those used for the VSI calculations, with one
important exception., The IM terminal RMS line to line" voltage
is no longer fixed at 2 kV. _ :

One of the major problems encountered with the implementatlon‘
of the current source inverter is the presence of large

- magnitude voltage spikes which appear across the IM. terminals

during commutation, Certainly the induction motor would be
designed specifically to operate with a CSI drive. However
for the purpose of the TCR calculations we assume the same
motor parameters and restrict the peak magnitude of the IM
terminal voltage to be the same as that for the VSI system.
Gding one step‘furthér. we choose a specific. c0mmutating
capacitance value from the 31mu1ation in Appendix F 80 that

‘ the magnitude of the voltage spike will be 50% above that of-

the fundamental sinusoid magnitude.y This procedure gives a
value for the line to line RMS IM terminal voltage of

Vp = 2K/ (1.5) = 1.33 kv

with a commutating capacitance of (See Appendix F)

c, = (0.4) Ig =  27.48 uF with ICO = 277 Amperes
(12)(377) Veo 0 —v2800_Volts

The RMS IM 11ne current is found in the same way as before.-
1o = 74643m, ‘ = 222.24 Ampemes

..J§-Vm n_cosJQ

In the ideal current~source inverter, the line current
is assumed to have the pulsed waveform shown in Figure H3(c).
The value of the dc bus current is found by equating'Im to
the RMS value of the fundamental component in the Fourier series
representation of this waveform. The resulting dc bus current is
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Ipe = 1.3 I, = 288.9 Amperes

Again, to calculate the TCR's for the &1 components, _
peak and RMS voltages and currents must be specified. _The-
peak voltage across the commutation capacitors is the same
as the peak IM line to line voltage. |

_vCp = zfz_ kv = 2.83 kV
This is the same voltage which must be supported by the
main thyristors and diodes. The RMS value of the current
through the thyristors and diodes is given by

IRNS = Ipe /ﬁ = 0,75 1. = 166.68 Amoeres

_ The TCR of the main thyristors and diodes as given
in Table Hl is. - :

_ | , 6 .,
™ = Rp= 12V, (0 75) 1 = 5.657 x 10‘ VA

The normalized value is - 1, 038.

The TCR of the commutating capacitors presents the
same type of difficulty with the RMS voltage as was encountered
- with the VSI system. Periods of zero capacitor current
are discounted in the partial RMS calculation. The change in voltage
during capacitor charge and discharge is approx1mated ‘as '
linear. The time interval of nonzero current, which occurs

three times per cycle, is approximately (1T/ 9 ) radians.
The approximate partial RMS voltage V is calculated

from the waveforms 'shown in Figure H5 on the following page.

Ve )( (2 Vg / @/9) ) (wt) )2 dwt
=)= |

0.385 v = 1.089 kv

R

<
n
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ch :
0 . -__-‘_X .......
-V “
ICp_ . . (a)
DC T
O i
“Ipc/2
(b)
Figure H5

Approximate CSI.Commutating Capacitor Waveforms
(a) Voltage o
(b) Current

The. TCR of the commutating capacitors is- glven by
, 2
RCC = 6wIC(V 2 = 4,914 x 10° VA

‘The ‘normalized value is O, '902 which turns out to be about
twice the rating of the oommutation components in the VSI system
(includlng the auxiliary thyristors).

The RMS value of the above current waveform, Figure HS(b) is

‘ Ti/a T/q
1 = j(I )2 dwt <+ J(IDC/Z)Z dwt + f(IDC/E)2 dwt |
0
I = 0.288 IDC = 0,374 Im
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i

'“iH}3.1,Sglgg;ign_g£;Q C ( n tance TCR Calcula ion -

The dc filter inductor is choseh to maintain the dc bus
current within the maximum specified percent ripple while
'supporting‘the'inverter input terminal ac voltage. Beginning
with the volt-ampere relationship L di/dt = v, the value
' of dc filter inductance may be estimated as follows

Ly =~ (At /AT )-vdc = 27.39 mH

where

At = period of the ac variation. of - the ihVerter
input voltage evaluated at the lowest inverter
- output frequency, 60 Hz. The frqueﬁcY'of the

ac variation is 6 x 60 Hz. LT

At = 1/ (360 Hz) = 2.78 milliseconds

AT % ripple times the dc bus current

AL = K Iy = (o.l)fIDC ‘= 28,89 Amperes
Vdc = RMS value of the ac component of the inverter
input terminal voltage shown in Figure H3(d)

~The TCR of the dc filter inductor is given. by
= 6wy Ly ( Invs 32 = 380.04 x 106:vA’_ = 69.73 Normalized

v
Rpp

where
I

RMS Q’,( 1+ %K) IDC = (1'05)_IDC = 303.?5 émperes
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H.4 QIQ yg];ggg Source Inxgg;gg ICR Calculations

Since the basic 1nvefter circuit topology is the same
- for the GTO VSI and the McMurray VSI, the basic waveforms
are also the same. The important exception is the absence
_of the series LC cbmmutating circuit,

The ma jor advahtage'here, besides the obvious reduction
in size, is the smaller voltage rating and hence TCR of
‘both the main thyristors and reverse parallel diodés; Figure :
G4 in Appendix G shows that there is about a 25% increase in ,
voltage above the dc bus level during commutation. This |
compares with a 66.7% increase in the McMurray VSI. The
resulting reduction in the TCR is about 25%. .

R, = R, = 6f(125vc)1 -=‘3066x106VA

Tm D
- The normalized value is 0 75, Of course, the’dc bus
filter capacitor and its TCR are the same as for the McMurray

vsI.
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